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ABSTRACT: Ten biscyclometalated monocationic Ir(III)
complexes were synthesized and studied to elucidate the
effects of extending z-conjugation of the diimine ligand (NAN
= 2,2"-bipyridine in Irl, 2-(pyridin-2-yl)quinoline in Ir2, 2-
(pyridin-2-yl)[6,7]benzoquinoline in Ir3, 2-(pyridin-2-yl)-
[7,8]benzoquinoline in Ir4, phenanthroline in IrS, benzo[f]-
[1,10]phenanthroline in Ir6, naphtho[2,3-f][1,10]-
phenanthroline in Ir7, 2,2'-bisquinoline in Ir8, 3,3'-
biisoquinoline in Ir9, and 1,1’-biisoquinoline in Ir10) via
benzannulation at 2,2’-bipyridine on the excited-state proper-
ties and reverse saturable absorption (RSA) of these
complexes. Either a bathochromic or a hypsochromic shift
of the charge-transfer absorption band and emission spectrum
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was observed depending on the benzannulation site at the 2,2’-bipyridine ligand. Benzannulation at the 3,4-/3',4'-position or
5,6-/5',6'-position of 2,2"-bipyridine ligand or at the 6,7-position of the quinoline ring on the NAN ligand caused red-shifted
charge-transfer absorption band and emission band for complexes Ir2, Ir8, Ir10 vs Irl and Ir3 vs Ir2, while benzannulation at
the 4,5-/4',5"-position of 2,2'-bipyridine ligand or at the 7,8-position of the quinoline ring on the NAN ligand induced a blue
shift of the charge-transfer absorption and emission bands for complex Ir9 vs Irl and Ir4 vs Ir2. However, benzannulation at
the 2,2',3,3'-position of 2,2'-bipyridine or 5,6-position of phenanthroline ligand had no impact on the energy of the charge-
transfer absorption band and emission band of complexes IrS—Ir7 compared with those of Irl. The observed phenomenon was
explained by the frontier molecular orbital (FMO) symmetry analysis. Site-dependent benzannulation also impacted the spectral
feature and intensity of the triplet transient absorption spectra and lifetimes drastically. Consequently, the RSA strength of these
complexes varied with a trend of Ir7 > IrS & Ir6 ~ Irl > Ir3 > Ir2 > Ir10 > Ir4 > Ir8 > Ir9 at 532 nm for 4.1 ns laser pulses.

B INTRODUCTION

Among the diverse transition-metal complexes, pseudo-
octahedral d° iridium(IIT) complexes have attracted growing
interest in both academia and industry during the past two
decades.'~* The strong spin—orbit coupling induced by the
Ir(IIT) ion enhances the intersystem crossing (ISC) rate and
promotes triplet excited-state formation. These characteristics
spark research interest in exploring potential binding geometries
with novel ancillary ligands. After the seminal work by Watts et
al. on triply ortho-metalated Ir(III) complexes in the 1980s,”
diverse mono-, bis-, and triscyclometalated complexes with
different polypyridine ligands or cyclometalating ligands have
been reported.”’ Among these complexes, biscyclometalated
monocationic Ir(III) complexes are discovered to play a crucial
role in various applications, such as sensitized photo-
upconversion,” organic light emitting diodes (OLEDs),*” "
light-emitting electrochemical cells (LEECs),"”"* photodynam-
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and

ic therapy,'*~' nonlinear optics,'’~'* photocatalysis,
bioimaging and biosensing.”

In light of the structures of the monocationic Ir(III)
complexes [(NAN)Ir(CAN),]* (where NAN refers to the
diimine ligand and CAN refers to the cyclometalating ligand),
the combination of one N”N ligand and two identical CAN
ligands provides the opportunity to control the photophysical
properties of these complexes via a diverse selection and
combination of ligands. Generally, the electron-deficient NAN
ligand is the major contributor to the lowest unoccupied
molecular orbital (LUMO) in these Ir(II) complexes, while the
CAN ligands and the d-orbital of the Ir(III) ion hold the majority
of the highest occupied molecular orbital (HOMO).**7%¢
Consequently, extending 7-conjugation or introducing elec-

tron-donating or withdrawing substituents on the NAN ligand
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would alter the LUMO exclusively. It has been reported that
incorporation of electron-donating substituents, such as an
amino or methoxy group, to the NAN ligand raised the LUMO
and blue-shifted the low-energy absorption bands of Ir(III)
complexes. In contrast, Ir(III) complexes bearing electron-
withdrawing substituents at the NAN ligand, such as fluoro or
cyano, displayed red-shifted low-energy absorption bands due to
the stabilized LUMOs.”*>” Another approach to tune the
LUMO energy is to incorporate 7-conjugated units to the NAN
ligand by benzannulation. It was reported that the energy of the
LUMO decreased from —3.15 eV to —3.38 eV for the Ir(III)
complex bearing 2-(pyridin-2-yl)quinoline ligand upon benzan-
nulation at the 2,2'-bipyridine ligand.”® Additionally, expanding
m-conjugation of the NAN ligand via benzannulation or
incorporation of s-conjugated substituents simultaneously
induces more *z,7* character into the lowest triplet excited
state (T,).'”*"™* In contrast to the charge-transfer-based T,
state (°’CT), the *z,7*-based T state typically exhibits a longer
lifetime, structured emission bands, and a higher emission
quantum yield. Therefore, extending #-conjugation on the NAN
ligand can serve as an adjuster for both the lowest singlet and
triplet excited states.

In the reported work on benzannulation on organic
compounds, either hypsochromic or bathochromic shifts in
the absorption and emission s4pectra have been observed relying
on the benzannulation site.”* >’ Despite finding this unusual
phenomenon in small organic molecules, examples featuring the
impacts of varied benzannulation site at the ligands on
organometallic complexes are still rare.””** In seeking a better
understanding of the influences of benzannulation site at the
ligands on the photophysical properties of the complexes, the
seminal report by Thompson and Gordon®® on the (NANAN)-
PtCl derivatives has intrigued our interest in other heavy
transition-metal complexes, such as the Ir(III) complexes. In our
previous work, we explored a series of cyclometalated
monocationic Ir(III) complexes employing 1,2-diphenyl-9H-
pyreno[4,5-d]imidazole as the CAN ligands, and 2-(pyridin-2-
yl)quinoline and its derivatives as the NAN ligand.*” In
comparison to the parent complex bearing the 2-(pyridin-2-
yl)quinoline ligand, pronounced red- or blue-shift in the
absorption and emission spectra was observed relying on the
site-selective benzannulation at the NAN ligand. This effect was
explained by analyzing the frontier molecular orbitals symmetry
at the benzannulation site of the parent complex via theoretical
calculations. While this phenomenon has been well explained for
our previously studied complexes, validation of the prediction
from our aforementioned work on controlling the ground- and
excited-state properties of the Ir(IIl) complexes via benzannu-
lation at the previously undeveloped sites of NN ligand is still
needed. Moreover, because of their readily adjustable ground-
and triplet excited-state absorption, these complexes have the
potential for use as reverse saturable absorbers, which is worthy
of an in-depth study.'’~'"?773 1333974

Targeting these goals, we have synthesized 10 biscyclometa-
lated Ir(1II) complexes (Chart 1), in which 2-phenylquinoline
was utilized as the cyclometalating ligands and 2,2’-bipyridine
(bpy) derivatives with varied 7-conjugation were used as the
N”N ligand. Extending 7-conjugation of the bpy ligand was
realized via benzannulation at one pyridine ring (Ir2—Ir4), at
the bridge of the two pyridine rings (IrS—Ir7), or at the different
sites (i.e., 5,6-/5,6'-,4,5-/4',5'-, or 3,4-/3'4'-) of both pyridine
rings (Ir8—Ir10). Complexes Ir2—Ir4, Ir6, Ir7, Ir9, and Ir10 are
new complexes that are first reported herein. Although

Chart 1. Structures of Biscyclometalated Ir(III) Complexes
Ir1-Ir10

complexes IrL,” Irs** and Ir8* are known in the literature,
previous work has focused on their biological/biomedical
activities, and no systematic photophysical or reverse saturable
absorption (RSA) studies have been reported for these
complexes. More importantly, these complexes fall naturally
into our focus on a comprehensive understanding of the impact
of benzannulation site at the NAN ligand on the ground- and
excited-state properties and RSA of the biscyclometalated Ir(III)
complexes.

B EXPERIMENTAL SECTION

Materials and Synthesis. All reagents and solvents were
purchased from Alfa Aesar or VWR International and used as is unless
otherwise noted. AL,O; gels (activated, neutral) and silica gels (230—
400 mesh) for column chromatography were purchased from Sorbent
Technology. The NAN ligands 2,2’-bipyridine (L1), phenanthroline
(LS), and 2,2'-bisquinoline (L8) were purchased from Alfa Aesar. The
synthesis of 2-(pyridin-2-yl)quinoline (L2),** 2-(pyridin-2-y1)[6,7]-
benzoquinoline (L3),*” 2-(pyridin-2-yl)[7,8]benzoquinoline (L4),**
benzo[f][1,10]phenanthroline (L6)," naphtho[2,3-f][1,10]-
phenanthroline (L7),%° 3,3'-biisoquinoline (L9),”" and 1,1'-biisoqui-
noline (L10)*"** followed the published procedures. 2-Phenylquino-
line (CAN ligand) and its Ir(IIT) dimer [Ir(CAN),Cl], were prepared
following reported procedures.®> 'H NMR spectroscopy, high-
resolution mass spectrometry (HRMS), and elemental analyses were
applied to characterize these complexes. 'H NMR spectra were
measured on a Varian Oxford 400 or Bruker 400 spectrometer in CDCl,
or dg-DMSO using tetramethylsilane (TMS) as the internal standard. A
Bruker BioTOF III mass spectrometer was used for ESI-HRMS
analyses. Elemental analyses were conducted by NuMega Resonance
Laboratories, Inc. in San Diego, California.

General Procedure for the Synthesis of Ir1—Ir10. The Ir(III)
dimer [Ir(CAN),Cl], (0.03 mmol), NN ligand (0.06 mmol), and
AgSO;CF; (0.06 mmol) were added in CH,Cl, and MeOH (v/v = 2:1,
30 mL). The mixture was purged with nitrogen and brought to reflux for
24 h without light illumination. After the reaction was completed, the
mixture was cooled to room temperature, and NH,PF, (0.3 mmol) was
added and kept stirring at r.t. for 2 h. Then, removal of the solvent and
purification of the crude product by column chromatography (neutral
alumina gel, dichloromethane/hexane (3:1—1:0, v/v)) afforded the
target Ir(III) complexes.
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Complex Ir1. The obtained product was an orange solid (36 mg,
yield: 66%). "H NMR (400 MHz, CDCl,): § 8.27 (d, J = 8.3 Hz, 2H),
8.23—8.07 (m, 6H), 8.05—7.91 (m, 4H), 7.71 (dd, J = 8.1, 1.4 Hz, 2H),
7.43—7.32 (m, 4H), 7.25 (d, 2H), 7.20—7.13 (m, 2H), 6.99 (ddd, ] =
8.7,6.1,1.5 Hz, 2H), 6.86—6.79 (m, 2H), 6.55 (dd, ] = 7.7,0.7 Hz, 2H).
ESI-HRMS (m/z): caled. for [C,oHyN,Ir]*, 757.1943; found,
757.1955. Anal. Calcd (%) for C,H,gF(IrN,P: C, 53.27; H, 3.13; N,
6.21. Found: C, 53.59; H, 3.48; N, 5.99.

Complex Ir2. The product obtained was an orange solid (31 mg,
yield: 54%). "H NMR (400 MHz, CDCl,) § 8.46—8.37 (m, 2H), 8.37—
8.21 (m, 3H), 8.18—8.10 (m, 1H), 8.09—8.00 (m, 2H), 7.84 (dd, ] =
7.8, 4.2 Hz, 2H), 7.79 (d, J = 7.2 Hz, 1H), 7.61 (dd, ] = 15.7, 7.9 Hz,
3H), 7.51 (dd, ] = 14.7, 8.3 Hz, 2H), 7.45—7.35 (m, 3H), 7.25 (s, 1H),
7.16 (ddd, J = 15.8, 12.3, 4.7 Hz, 3H), 7.08 (t, ] = 7.1 Hz, 1H), 7.02—
6.80 (m, 4H), 6.54 (d, ] = 7.2 Hz, 1H), 6.34 (d, ] = 7.4 Hz, 1H). ESI—
HRMS (m/z): caled. for [C,H;oN,Ir]*, 807.2100; found, 807.2136.
Anal. Caled (%) for C,HyoFqlrN,P-0.3CsH;, (C¢H,,: hexane): C,
56.50; H, 3.64; N, 5.68. Found: C, 56.63; H, 3.26; N, 5.46.

Complex Ir3. The obtained product was an orange solid (34 mg,
yield: 57%). "H NMR (400 MHz, d,—DMSO): 6 8.72 (dt, ] = 9.0, 6.9
Hz, 3H), 8.67 (s, 1H), 8.38 (d, J = 7.0 Hz, 1H), 8.28 (t, ] = 8.0 Hz, 2H),
8.21—8.09 (m, 4H), 8.06 (ddd, J = 9.3, 7.1, 1.2 Hz, 2H), 7.86 (dd, ] =
7.7,0.8 Hz, 1H), 7.82—7.70 (m, 3H), 7.66—7.62 (m, 1H), 7.58—7.52
(m, 1H), 7.45—7.35 (m, 2H), 7.24—7.15 (m, 2H), 7.08—6.95 (m, 3H),
6.87 (ddd, J = 15.5, 12.7, 5.3 Hz, 4H), 6.38 (dd, J = 10.8, 7.7 Hz, 2H).
ESI-HRMS (m/z): caled. for [C,H;,N,Ir]*, 857.2256; found,
857.2241. Anal. Calcd for C,gH;,FgIrN,P-0.9CH,CL: C, 54.46; H,
3.16; N, 5.20. Found: C, 54.20; H, 3.15; N, 5.39.

Complex Ir4. The obtained product was an orange solid (52 mg,
yield: 87%). "H NMR (400 MHz, CDCl;): § 9.22 (d, J = 8.8 Hz, 1H),
8.63 (d,J = 8.2 Hz, 1H), 8.52 (d, ] = 8.6 Hz, 1H), 8.43 (d, ] = 8.9 Hz,
1H), 8.31 (d, ] = 8.2 Hz, 1H), 8.13 (t, J = 7.8 Hz, 1H), 8.05 (d, ] = 6.8
Hz, 1H),7.93 (dd, ] = 10.4, 8.1 Hz, 3H), 7.84 (d, ] = 8.7 Hz, 1H), 7.69—
7.58 (m, 3H), 7.48 (dt, ] = 9.5, 6.9 Hz, 3H), 7.34—7.21 (m, 4H), 7.14—
6.99 (m, 3H), 6.77 (d, ] = 8.7 Hz, 1H), 6.68 (t, ] = 7.5 Hz, 1H), 6.64—
6.54 (m,2H), 6.50 (t,J=7.2 Hz,2H), 6.32 (t, ] = 7.6 Hz, 1H), 6.12 (d, ]
=8.1 Hz, 1H). ESI-HRMS (m/z): calcd. for [ C,gH3,N,Ir]*, 857.2256;
found, 857.2289. Anal. Calcd for C,gH;,FIrN,P+0.5CH,Cl,: C, 55.77;
H, 3.18; N, 5.36. Found: C, 55.37; H, 3.32; N, 5.36.

Complex Ir5. The obtained product was an orange solid (32 mg,
yield: 58%). '"H NMR (400 MHz, d,—DMSO) 6 8.74 (dd, ] = 8.2, 1.4
Hz, 2H), 8.60 (d, ] = 9.0 Hz, 2H), 8.51—8.45 (m, 4H), 8.36 (d,] = 7.3
Hz, 2H), 8.09 (s, 2H), 8.05 (dd, ] = 8.2, 5.2 Hz, 2H), 7.81 (dd, = 8.1,
1.3 Hz, 2H), 7.23 (ddd, ] = 15.0, 8.0, 1.0 Hz, 4H), 7.11 (d, ] = 9.0 Hz,
2H), 6.91—6.78 (m, 4H), 6.54 (dd, ] = 7.7, 0.8 Hz, 2H). ESI-HRMS
(m/z): caled. for [C,H,gN,Ir]", 781.1943; found, 781.1966. Anal.
Calcd for C,H,sFIrN,P: C, 54.48; H, 3.05; N, 6.05. Found: C, 54.25;
H, 2.98; N, 6.02.

Complex Ir6. The obtained product was an orange solid (41 mg,
yield: 70%). "H NMR (400 MHz, CDCl;) § 9.04 (d, ] = 8.1 Hz, 2H),
8.51—-8.43 (m, 4H), 8.20 (d, ] = 8.9 Hz, 2H), 8.16 (d, ] = 8.6 Hz, 2H),
8.06 (d, J = 8.0 Hz, 2H), 7.88 (dd, ] = 8.4, 5.2 Hz, 2H), 7.59—7.51 (m,
4H), 7.23—7.05 (m, 6H), 6.83 (td, J = 7.5, 1.3 Hz, 2H), 6.76 (ddd, ] =
8.6,6.9,1.4Hz,2H), 6.66—6.55 (m, 2H). ESI-HRMS (m/z): calcd. for
[C46H3oN,Ir]*, 831.2100; found, 831.2123. Anal. Calcd for
C46H30FgIrN,P-0.5C¢H,,-2H,0 (Cg¢H,,: hexane): C, 55.78; H, 3.92;
N, $.31. Found: C, 55.70; H, 4.20; N, 5.64.

Complex Ir7. The obtained product was an orange solid (51 mg,
yield: 83%). '"H NMR (400 MHz, d¢—DMSO) § 9.57—9.46 (m, 4H),
8.63 (d, ] = 9.0 Hz, 2H), 8.53 (d, ] = 8.7 Hz, 2H), 8.42—8.32 (m, 4H),
8.20 (dd, J = 6.3,3.3 Hz,2H), 8.10 (dd, J = 8.4, 5.2 Hz, 2H), 7.83 (dd, ]
=8.1,1.2 Hz,2H), 7.76 (dd, ] = 6.4, 3.2 Hz,2H), 7.22 (ddd, ] = 8.8, 7.4,
6.3 Hz, 6H), 6.96—6.85 (m, 4H), 6.54—6.48 (m, 2H). ESI-HRMS (m/
z): caled. for [CsoH3,N,Ir]*, 881.2256; found, 881.2291. Anal. Calcd
for CoH;,FIrN,P-0.3CH,Cl,: C, 57.46; H, 3.13; N, 5.33. Found: C,
57.37; H, 3.07; N, 5.37.

Complex Ir8. The obtained product was a red solid (38 mg, yield:
63%)."H NMR (400 MHz, d,—DMSO) 6 8.72 (d, J = 8.6 Hz, 2H), 8.50
(d, ] =8.7Hz, 2H), 8.32 (d, ] = 8.8 Hz, 2H), 8.22 (d, ] = 9.0 Hz, 2H),
8.11-8.03 (m, 2H), 8.01—7.88 (m, 4H), 7.60—7.49 (m, 4H), 7.47—

7.35 (m, 4H), 7.10 (ddd, ] = 8.6, 6.9, 1.4 Hz, 2H), 7.06—6.98 (m, 2H),
6.89—6.79 (m, 4H), 6.36—6.28 (m, 2H). ESI-HRMS (m/z): calcd. for
[C4sH3,N,Ir]*, 857.2256; found, 857.2233. Anal. Calcd for
C.sHaoFIrN,P-1.1ICH,CL,: C, 53.84; H, 3.15; N, 5.11. Found: C,
$3.94; H, 2.95; N, 5.13.

Complex Ir9. The obtained product was an orange solid (20 mg,
yield: 33%). "H NMR (400 MHz, d;—DMSO) 5 9.49 (s, 2H),9.13 (d, ]
=8.9 Hz, 2H), 8.68 (d, J = 8.7 Hz, 2H), 8.54 (s, 2H), 8.46 (d, ] = 9.0 Hz,
2H), 8.30 (s, 2H), 8.16 (d, ] = 8.2 Hz, 2H), 7.96 (d, ] = 7.9 Hz, 2H),
7.86 (d,]=7.3 Hz,2H), 7.78—7.66 (m, 6H), 7.27 (s, 2H), 6.87 (s, 2H),
6.58—6.52 (m, 2H), 6.03 (d, J = 7.8 Hz, 2H). ESI-HRMS (m/z): calcd.
for [C,gH;,N,Ir]*, 857.2256; found, 857.2241. Anal. Calcd for
C4sH3,FIrN,P-0.2CH,; (C4H,y: hexane): C, 57.98; H, 3.44; N,
5.50. Found: C, 58.00; H, 3.58; N, 5.20.

Complex Ir10. The obtained product was a red solid (34 mg, yield:
56%). 'H NMR (500 MHz, d,—DMSO) §8.52 (d, J=9.0 Hz, 2H), 8.44
(d, ] = 8.8 Hz, 2H), 8.26 (d, ] = 8.2 Hz, 2H), 8.03 (dt, ] = 14.1, 5.9 Hz,
8H), 7.82—7.76 (m, 2H), 7.72 (d, ] = 8.0 Hz, 2H), 7.48 (d, ] = 6.3 Hz,
4H),7.24 (t,J=7.5Hz,2H),7.15 (t,] = 9.9 Hz,4H), 6.83 (t, ] = 7.4 Hz,
2H), 629 (d, ] = 7.4 Hz, 2H). ESI-HRMS (m/z): calcd. for
[C,sH;,N,Ir]*, 857.2256; found, 857.2283. Anal. Calcd for
C.sHa,FItN,P-0.9CH,CL: C, 54.46; H, 3.16; N, 5.20. Found: C,
54.59; H, 2.99; N, 5.31.

Photophysical and Nonlinear Transmission Measurements.
The photophysical studies used spectroscopic-grade solvents, which
were bought from VWR International and used as is. The UV—vis
absorption and emission spectra were recorded on a Varian Cary 50
spectrophotometer and a HORIBA FluoroMax 4 fluorometer/
phosphorometer, respectively. The absolute emission quantum yields
(QY) of Ir1—Ir10 were determined using an Ocean Optics integrating
sphere (ISP-50-8-R) fiber coupled to a Delta linear-variable filter (LVF)
set that was fiber coupled to a broad white LED (Sandhouse, LLS
Neutral White, 4100K CCT). The set of LVFs were aligned with a
modified Ocean Optics LVF mount and positioned for a narrow
excitation band peaked at 450 nm. On the detection side, the
integrating sphere was coupled to a bifurcated fiber cable to Ocean
Optics UV—vis QE65000 and NIRQSI2 spectrometers with a
detection range of 350—1700 nm. For absolute QY calibration, spectral
shape was corrected using the blackbody emission from a tungsten
filament as a reference and QY was calibrated (+5%) against multiple
samples representing five different standards with emission spanning
the visible spectrum.®** The samples were degassed and maintained in
an oxygen-free environment prior to and during each QY measurement.

The nanosecond transient difference absorption (TA) spectra and
lifetimes of Ir1—Ir10 were measured on an Edinburgh LP920 laser flash
photolysis spectrometer in degassed CH;CN solutions. The excitation
wavelength was 355 nm from a Nd:YAG laser with a pulse duration of
4.1 ns and a repetition rate of 1 Hz. Prior to each measurement, the
sample solution was degassed with N, for 40 min. The triplet excited-
state molar extinction coefficients (£1) at the TA band maxima were
determined by the singlet depletion method.*® A benzene solution of
SiNc (£599 = 70 000 M~! cm™, @, = 0.20)°” was utilized as a reference
for determination of the triplet excited-state quantum yield through the
relative actinometry method.”®

The nonlinear transmission measurement followed the procedure
reported in our previous work.>

Computational Methods. Density functional theory (DFT) and
linear response time-dependent DFT (TDDFT) calculations of Ir1—
Ir10 were carried out using Gaussian 09 software package.(’0
Optimization of the ground state and calculations of the excited states
were conducted using the B3LYP®' functional with the basis set of
LANL2DZ for Ir,"* and 6-31g* for H, C, and N.® Solvent effects were
included via Conductor Polarized Continuum Model (CPCM)®*** for
dichloromethane.

The theoretical absorption spectra were generated by computing the
lowest 125 singlet excitations from the ground state singlet equilibrium
geometry, and the resulting transition energies and oscillator strengths
were broadened via eq 2 in ref 66, with a line width of 0.12 eV to model
the thermal broadening of optical bands to be comparable to
experimental spectra. The emission of complexes Irl1—Irl0 was
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simulated using TDDFT ASCF approach, which computed the
phosphorescence energy by calculating the triplet excited state

and Table 1 lists the absorption band maxima and molar
extinction coefficients. The normalized absorption spectra in

transitions using TDDFT based on the triplet equilibrium geometry.*> other solvents are presented in Figure S1 of the Supporting
The nature of the triplet and singlet transitions were characterized by

computing the natural transition orbitals (NTOs) 7 via Gaussian09 and Inf(')rmatlon. These spectra generally Ca.n be divided into four
visualized using VMD with 0.02 isovalue.** regions: the high-energy, strong absorbing band(s) below 310

nm; the structured medium-energy bands at ca. 310—400 nm;
the lower-energy featureless band at ca. 400—500 nm; and the
very weakly absorbing band(s) between S00 and 600 nm.
According to the shape of these absorption bands and the
corresponding molar extinction coefficients, these bands can be
attributed to the ligand-localized '7,7* transitions, the dominant
'7t,w* transitions mixed with charge transfer ('CT, i.e., metal-to-

B RESULTS AND DISCUSSION

Electronic Absorption. The absorption spectra of com-
plexes Irl—Ir10 were measured in different solvents at room
temperature. Figure 1 displays the spectra in dichloromethane,

8.0x104 " )
6.0x104 2 - ligand charge transfer ("MLCT)/ligand-to-ligand charge trans-
4.0x104 I3 fer ("LLCT)) transitions, the'MLCT/'LLCT/'ILCT (intra-
2.0x10% —lra ligand charge transfer) transitions, and the mixed
0.0 ™ YMLCT/"LLCT transitions, respectively. These assignments
e 8 0x104 Ir5 - are in accord with those reported for the other biscyclometalated
G 6.0x10° g Ir(1lI) complexes,'®'”*”% and are verified by the TDDFT
s 4 OX1°'\/\ —_r7 calculation results (see NTOs in the Supporting Information,
< 2.0x;l‘0r; i E R Tables S1—-S3).
8.0x10" " o Examination of the lowest-energy absorption bands (500—
6.0x10" _|:9 - 600 nm) of complexes Ir1—Ir10 found that benzannulation at
4.0x10" Ir0 = the S,6-position of pyridine (Ir2 vs Irl), 6,7-position of
2.0x10% e quinoline (Ir3 vs Ir2), 5,6- and §’,6-position of 2,2'-bipyridine
00— - . e ——— (Ir8 vs Irl), and 3,4- and 3’,4’-position of 2,2 -bipyridine (Ir10

300 350 400 450 500 550 600

. o 13 13
Wavelength / nm vs Irl) gave rise to a red-shift of the “"MLCT/"’LLCT

absorption bands with an increased molar extinction coeflicient
in comparison to their corresponding parent complexes. On the
other hand, benzannulation at the 7,8-position of quinoline (Ir4
vs Ir2), 4,5- and 4',5'-position of 2,2’-bipyridine (Ir9 vs Ir1), or
2,2',3,3'-position of 2,2"-bipyridine (Ir$ vs Irl) essentially did
not impact the energy of the ""MLCT/"’LLCT absorption

Figure 1. Room-temperature UV—vis absorption spectra of Ir1—Ir10
in CH,Cl,. The insets are the expanded spectra in the region of 450—
625 nm.

Table 1. Photophysical Data for Ir1—Ir10

e/ (Te/ 15);
Agps/nm (log &) @, kr/s_lc’d knr/s_lc’d Aripa/nm (Tpa/ps; log € 1yp,); @r
Irl 281 (4.68), 307 (4.35), 339 (4.34), 553 (2.16); 0.41 190 X 10° 273 x 10° 407 (2.14; — ), 573 (2.13,— ), 783 (—; — ); —
440 (3.73), 519 (2.79)
Ir2  280(4.79),337 (4.52),433 (3.84),518 (3.02) 613 (0.52); 0.081 1.56 X 10° 177 x 10° 380 (0.30; — ), 782 (0.33; — ); —
Ir3 280 (4.85), 307 (4.65), 351 (4.51), 738 (2.62); 0.0031 118 x 10°  3.80 X 10° 339 (—,—), 390 (3. 42 —-), 555 (3 32; ),
436 (3.76), 523 (3.20) 660 (3.47; — ); =
Ir4 283 (4.87), 312 (4.82), 347 (4.46), 583 (-/); 0.0022 - - 398 (4.52; — ), 555 (4.44; — ), 795 (4.46; — ); ==
438 (3.99), 500 (3.18)
IrS 280 (4.75), 333 (4.38),, 350 (4.31), 554 (2.77); 0.71 2.56 X 10°  1.05%x10° 363 (—; — ), 407 (2 82; — ), 578 (2.93; — ),
438 (3.77), 518 (2.73) 797 (2.87; — ); —
Ir6 281 (4.79),333 (4.49),439 (3.78),518 (2.79) 553 (2.71); 0.78 2.88x 10°  8.12x 10* 360 (—; — ), 407 (2 79; — ), 575 (2.81; — ),
797 (2.79; = ); =°
Ir7 284 (4.94), 331 (4.57), 348 (4.51), 554 (31.0); 0.27 871 X 10°  235x10* 412 (sh, 19.6; — ), 475 (19.6; — ); =%
439 (3.79), 518 (2.85)
Ir§ 280 (4.91), 352 (4.63), 365 (4.56), 645 (1.00); 0.084 1.56 X 105  1.70 X 10° 390 (0.61; — ), 449 (0.63; — ), 641 (0.63; 4.35),
430 (3.96), 527 (3.19) 782 (0.63; 4.64); 0.54
Ir9 280 (4.82), 334 (4.55), 350 (4.47), 582 (-/); 0.0013 - - 741 (0.04; — ); —
437 (3.75), 517 (2.96)
Ir10 280 (4.85), 339 (4.65), 350 (4.65), 651 (0.49); 0.075 547 X 105 674 x 10° 533 (0.25; 4.42), 695 (0.25; 4.40); 0.28

431 (3.99), 529 (3.10)

“Aps and € refer to the absorption band maxima and molar extinction coefficients of electronic absorption in CH,Cl,, respectively. PRoom-
temperature emission band maxima (4,,) and lifetimes (z,.,) in CH,Cl, (¢ = 1 X 107 mol/L). The quantum yields were measured using a fiber-
coupled Ocean Optics integrating sphere with 4., = 450 nm. Emission 51gnals in the wavelength range of 380—820 nm were integrated for all of the
complexes except for Ir3. The integration range for Ir3 was 380—900 nm. »IRadiative decay rates (k,) and nonradiative decay rates (k,,) calculated
by k, = @,,/(®r7,) and k,, = (1-D,,)/(D17.n), respectively. For Ir8 and Irl0, the estimated triplet quantum yields (@) from the TA
measurement were used. For the other complexes, @1 was assumed to be 1. “Ar .1, Tra, i1y and ®r are the nanosecond TA band maxima,
triplet excited state lifetimes, triplet extinction coefficients, and triplet quantum yields, respectively, in degassed CH;CN solutions. /The emission
signal was too weak to allow the lifetime to be measured. #The &1, values cannot be estimated using the singlet depletion method because of the
lack of a bleaching band in these complexes. The @y values thus cannot be determined, either.
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Table 2. NTOs of the Transitions Contributing to the S, States of Complexes Ir1—Ir10 in CH,Cl,

S State Hole Electron S State  Hole Electron
Irl  485nm S Ir6 483 nm e
£=0.002 £=0.000
Ir2  517nm Ir7 482 nm
£=0.004 £=0.000
Ir3 560 nm Ir8 537 nm
£=0.002 £=0.010
Ir4 487 nm Ir9 461 nm
£=0.025 £=0.004
Ir5 483 nm Ir10 556 nm
£=0.001 £=0.002
band compared to their corresponding parent complex. In -1.0 —
addition, fusing a phenyl or a naphthyl ring to the S,6-position of A =S == ===
1,10-phenanthroline did not affect the energies of the 20l -— =
MLCT/*LLCT transitions in Ir6 and Ir7 compared to a _ —— =
their parent complex IrS. > e R s )

The site-dependent benzannulation effect was more clearly ® .3.0 N — — 896%
evidenced in the calculated S, state energies for these complexes. stz Rlzlzzlzlz el L Ma
As listed in Table 2, benzannulation at the 5,6-/5',6’-position or 5 s s |s 2 S P [N P =

N
3,4-/3'4'-position of 2,2'-bipyridine stabilized the S, states in G554 |0 |6 |a[e |6 [ [ [ |o [
complexes Ir2, Ir8, and Ir10, respectively, compared to the S; Qegol  ++—— —X——
state of their parent complex Irl, while benzannulation at the = 1 - —-
4,5-/4',5'-positions of 2,2'-bipyridine destabilized the S, state in 651 = === ==
Ir9 in comparison to that of Irl. In contrast, benzannulation at 704 T —= T — =_= K
the 2,2",3,3'-position 2,2'-bipyridine and further benzannulation 75 T =T=_—T=__ HOMO
=l. T T T T T T T T T T
at phenanthroline essentially had no impact on the S, state Irl Ir2 Ir3 Ir4 Ir5 1r6 Ir7 Ir8 Ir91r10

energies of Ir§S—Ir7 compared to that of Irl. While
benzannulation at the 6,7-position of quinoline lowered the S,
state in Ir3, benzannulation at the 7,8-position of quinoline
raised the S; state in Ir4. This trend matched well with
experimental observations and was in accordance with that
reported by our group earlier for another series of cyclo-
metalated monocationic Ir(III) complexes with different CAN
ligands.”

The DFT calculation showed that the HOMO — LUMO
transition was the dominant contributor (~70%) to the S, states
of all of the complexes except for Ir9 (see Supporting
Information, Table S4). Electron density distribution plots of
the HOMOs and LUMOs in Irl—Ir10 (Table S4) clearly
demonstrated that the HOMOs of these complexes were
predominantly distributed on the phenyl rings of the 2-
phenylquinoline ligands and the d-orbital of the Ir(III) center,
while the LUMOs were exclusively localized on the diimine
ligand. Thus, benzannulation at the diimine ligand would mainly
impact the LUMO energies. As depicted in Figure 2, the ground-
state MO energy diagram for Irl—Irl0 manifested that

Figure 2. Ground-state molecular orbital diagram for Ir1—Irl0 in
CH,Cl, (HOMO and LUMO of Ir1 are plotted as representative).

benzannulation drastically changed the LUMO energies but
had a minor effect on the HOMO energies. Benzannulation at
the 5,6-/5',6"-position or 3,4-/3',4'-position of 2,2’-bipyridine
or at the 6,7-position of quinoline significantly stabilized the
LUMOs in complexes Ir2, Ir3, Ir8, and Irl0, whereas
benzannulation at the other sites of 2,2'-bipyridine or the 7,8-
position of quinoline either did not affect or slightly raised the
LUMOs in Ir4—Ir7 and Ir9 compared to that of Irl.
According to Thompson/Gordon’s work®® and our previous
work,** benzannulation on the diimine ligand can be regarded as
the interaction between the LUMO of the parent compound and
the HOMO or LUMO of cis-1,3-butadiene or ethene, relying on
the symmetry of MO at the benzannulation site. As shown in
Figure 3, when benzannulation took place at the 5,6-position of
one of the pyridine rings, the symmetry of the Irl LUMO at this
site was consistent with the cis-1,3-butadiene LUMO symmetry
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Figure 3. Frontier molecular orbital mixing between cis-1,3-butadiene
or ethene and parent molecules.

and led to a LUMO—-LUMO interaction. The LUMO—-LUMO
interactions resulted in a stabilized LUMO in Ir2 and thus the
red-shifted CT absorption band in its UV—vis absorption
spectrum compared to that of Ir1. Similarly, the symmetry of the
LUMO of Irl at the 5,6-/5',6'-position and the 3,4-/3',4'-
position of 2,2'-bipyridine matched the cis-1,3-butadiene
LUMO symmetry, resulting in stabilized LUMOs and red-
shifted CT absorption bands in complexes Ir8 (Supporting
Information Figure S3) and Irl0 (Figure 3). In contrast,
benzannulation at the 4,5-/4',5'-position of 2,2'-bipyridine led
to an HOMO—-LUMO interaction due to the matched
symmetry of the cis-1,3-butadiene HOMO and the Ir1 LUMO
at these positions. Such an interaction gave rise to a destabilized
LUMO in complex Ir9 and enlarged the HOMO-LUMO
energy gap, which consequently resulted in a blue-shifted CT
absorption band. From complex Irl to IrS, benzannulation at
the 2,2',3,3"-position of 2,2'-bipyridine in Irl can be considered
as the interaction between the LUMO of Ir1 and the HOMO of
ethene due to symmetry matching requirement. Such an
interaction showed a negligible impact on the LUMO of Ir§
and essentially did not affect the CT transition in IrS compared
to that of Ir1. A similar MO symmetry analysis was applied to the
other complexes, and the results are presented in Figure S3 of
the Supporting Information.

Photoluminescence. To evaluate the site-dependent
benzannulation effect on the triplet excited states of complexes
Ir1—Ir10, the emission characteristics of these complexes were
studied at room temperature in different solvents. The emission
spectra in CH,Cl, are shown in Figure 4, and the emission
lifetimes and quantum yields in CH,Cl, are tabulated in Table 1.

Normalized Emission Intensity

"~ 500 600 700 800 900
Wavelength / nm

Figure 4. Normalized emission spectra of Ir1—Ir10 in CH,Cl, at room
temperature. (A, = 438 nm for Ir1, 430 nm for Ir2, 439 nm for Ir3, 436
nm for Ir4, 438 nm for IrS, 437 nm for Ir6, 440 nm for Ir7, 428 nm for
1Ir8, 436 nm for Ir9, and 437 nm for Ir10.

The excitation spectra of Ir1—=Ir10 in CH,Cl, monitored at their
respective emission band maxima are presented in Figure S4 of
the Supporting Information. The normalized emission spectra
and emission parameters in other solvents are given in Figure SS
and Table SS of the Supporting Information, respectively. The
emission of these complexes was sensitive to oxygen quenching
and was moderately long-lived (0.49—31.0 us) (except for the
very weakly emissive Ir4 and Ir9, in which the signals were too
low to be detected), indicating the phosphorescent nature of the
emission. These features are in agreement with the other Ir(III)
complexes reported in the literature.'”~'?**73%**~** Except for
Ir3, exhibited emission in the near-IR region with clear vibronic
structures, the emission of all of the other complexes were broad
and almost featureless.

In comparison to the parent complex Irl, benzannulation at
the 3,4-/3',4'-position, 4,5-/4',5'-position, or 5,6-/5',6'-posi-
tion of 2,2'-bipyridine all induced a bathochromic shift of the
emission spectra in Ir2, Ir8, Ir9, and Ir10, accompanied by a
shortened lifetime and a reduced emission quantum yield, while
benzannulation at the 2,2',3,3’-position of 2,2'-bipyridine
essentially had no impact on the emission energy of IrS, but
with a slightly longer lifetime and an increased emission
quantum yield. A drastically red-shifted emission into the NIR
region was observed for Ir3 after fusion of one more phenyl ring
at the 6,7-position of quinoline in Ir2. On the contrary,
benzannulation at the 7,8-position of quinoline in Ir2 induced a
salient blue-shift of the emission of Ir4 and a lower quantum
yield compared with those of Ir2 and Ir3. Going from Ir$ to Ir7,
further extending the 7-conjugation along the S,6-position of
1,10-phenanthroline did not alter the emission energies of
complexes Ir6 and Ir7. However, the emission lifetime of Ir7
was over an order of magnitude longer than those of Ir§ and Ir6,
but its emission quantum yield is less than half of those for Ir§
and Ir6. Similar to the trend discovered for the S; states in these
complexes based on the electronic absorption, the site-
dependent benzannulation influenced the lowest triplet excited
state (T,) energies in a similar manner, but the impact is more
pronounced on the T state than on the S, state.

To understand the electronic configurations of the emitting
states for Ir1—Ir10, TDDFT calculations were performed, and
the NTOs representing the emitting T states are displayed in
Table 3. The trend of the calculated emission energies matched
the trend of the experimental energies very well (Supporting
Information Figure S6). For complexes Irl, Ir2, IrS—Ir7, their
holes are almost exclusively distributed on the phenyl rings of
the CAN ligands and on the metal d-orbital; however, the
electrons are localized on the diimine ligands and the d-orbital.
Therefore, the emitting states in these complexes are
predominantly attributed to the *MLCT/*LLCT states, mixed
with some *LMCT/*d,d configurations. For complex Ir3, both
the hole and electron are almost exclusively on the benzoquino-
line part of the NAN ligand, mixed with a minor contribution
from the metal d-orbitals. This indicates the dominant 3z,7*
nature with minor ®d,d character for the emitting state in Ir3.
The NTOs show that the emitting state of Ir9 also has
predominant *z,7* configuration with minor *d,d contribution.
However, both the hole and electron are mainly distributed on
one of the CAN ligands. The remaining complexes Ir4, Ir8 and
Ir10 all have holes on the phenyl rings of the CAN ligands and
the d-orbitals, with some contributions from the NAN ligands,
while their electrons are distributed on the NAN ligands and the
d-orbitals. Therefore, the emitting states in these complexes
have mixed MLCT/3LLCT />zz* configurations with minor
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Table 3. NTOs Representing the Lowest Triplet Transitions (T;) of Ir1-Ir10 in CH,Cl,

Ti/nm Hole Electron Ti/nm Hole Electron
Irl 625 T ; Ir6 606 ] p
Ir2 659 Ir7 610
Ir3 1146 Ir8 733
Ird 647 Ir9 647
Ir5 600 Ir10 744

contribution from the 3LMCT/3d,d configurations. It is noted
that the electrons in IrS—Ir7 are only localized on the
phenanthroline motif, and they did not extend to the additional
phenyl ring(s). Therefore, the emission energies in these three
complexes are essentially the same.

For complexes Irl, Ir2, Ir8, and Ir10, which have dominant
charge transfer configurations in their emitting states,
benzannulation reduced the energies of their emitting states,
which significantly increased the nonradiative decay rate
constants (see k,, in Table 1) in Ir2, Ir8, and Ir10 compared
with that in Irl without pronouncedly altering their radiative
decay rate constants (k,). This trend is in accord with the energy
gap law.”””" For complexes Ir$ and Ir6, they have the similar k,s
to that of Irl, but their ks are smaller than that of Irl. The
reduced ks in IrS and Ir6 can be attributed to the rigidity of
phenanthroline and its derivatives compared with bipyridine.
Consequently, their emission quantum yields are higher than
that of Irl. Interestingly, the emission energy and the T, state
configuration of Ir7 resemble those of IrS and Ir6, but its
lifetime is an order of magnitude longer than those of Ir$ and
Ir6, and its emission quantum yield is less than half the values for
IrS and Ir6. Examination of the triplet energy diagram obtained
from the TDDFT calculation (Supporting Information Figure
S7) reveals that unlike the other complexes, the second triplet
excited state (T,) in Ir7 lies closely to its T state, which makes it
possible to be configurationally mixed with T state and reaches
an equilibrium. Because the T, state of Ir7 has a ’mz*
configuration (Supporting Information Table $6), admixing T,
with T drastically reduces the k, and k,, in Ir7 compared with
those in IrS and Ir6, which dramatically prolongs the emission
lifetime of Ir7. Complex Ir4 also has a significant charge transfer
character in its emitting T state, but its emission quantum yield
is very low. This could presumably be attributed to its more
distorted geometry from the octahedral configuration in its
ground and excited states due to its more sterically hindered
NAN ligand,32 which could drastically increase the k, and
consequently reduce the emission quantum yield in Ir4.

Transient Absorption (TA). The nanosecond TA of
complexes Ir1—Ir10 in acetonitrile was investigated to further

clarify their triplet excited state characteristics. The TA spectra
of Ir1—Ir10 immediately after laser excitation are shown in
Figure S, and the time-resolved TA spectra are presented in

q 0.06- ——Ir5——1Ir6
o ] —7
S .03
0.00 A
0.04 —Ir8——1Ir9
0.02-] —Ir10
0.00
-0.02 T T T T 1
400 500 600 700 800

Wavelength /nm

Figure S. Nanosecond transient differential absorption spectra of
complexes Irl—Irl0 in acetonitrile solution at zero delay after
excitation (Ayss = 0.4 in a 1 cm cuvette, A, = 355 nm).

Supporting Information Figure S8. The TA band maxima, triplet
excited-state lifetimes, triplet extinction coefficients and
quantum yields (when applicable), are listed in Table 1. The
triplet excited-state lifetimes extrapolated from the decay
profiles of the TA signals resembled the lifetimes obtained
from the decay of emission in acetonitrile (see Supporting
Information Table SS). Accordingly, we can tentatively assign
the transient absorbing excited states to the emitting excited
states except for Ir7.

The TA spectra in Figure S and the data in Table 1 manifested
that Irl, IrS, and Ir6 possessed identical TA spectra, and their
triplet lifetimes were on the same order. The TA spectral feature
of Ir4 appeared to resemble those of Irl, IrS, and Ir6 but was
somewhat blue-shifted accompanied by a longer lifetime. The
TA spectra of Ir2 and Ir8 were similar in shape, but the TA band
maximum was red-shifted for Ir8 compared with Ir2, and the
lifetime of Ir8 is longer than that of Ir2. The TA spectra of Ir3
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and Ir10 were similar in the region of 450—800 nm with very
broad and moderately strong absorption. However, the triplet
lifetime of Ir3 is 1 order of magnitude longer than that of Ir10,
suggesting the different parentages of the T states in these two
complexes. In addition, the spectra of Ir2, Ir3, Ir4, and Ir8 all
resembled those of their corresponding Ir(III) complexes
bearing the same NN ligand but differing in the CAN ligands.*”
Considering the natures of the T, states in these complexes
(discussed in the Photoluminescence section) and comparing
these spectra to those of their corresponding NAN ligands and
those of their Zn®** perturbed ligands (Supporting Information
Figure S9), we attribute the observed TA to *MLCT/*LLCT
states for Irl, Ir2, Ir$, and Ir6, to NAN localized *7,7* states for
Ir3 and Ir7, to 3a,n%/MLCT/’LLCT state for Ir4, and to
SMLCT/’LLCT/3m,z* states for Ir8 and Ir10. No TA signals
were observed from Ir9, which is consistent with the CAN ligand
localized *z,7* nature for its T| state because we reported earlier
that neither 2-phenylquinoline (pq) nor its chloro-bridged
dinuclear Ir(IlI) precursor [(Ir(pq),Cl], produced any TA
signals.”’ The drastically different TA spectra and lifetimes of
Ir8, Ir9, and Ir10 clearly manifested the distinct effects that
variations of the benzannulation site at the NN ligand exerted
on the triplet excited-state absorption.

Complex Ir7 exhibited a quite distinct TA spectrum from the
other complexes, with a very strong absorption band at 475 nm
and a quite long triplet lifetime. This TA spectral feature was
identical to that of its NAN ligand (see Supporting Information
Figure S9). Therefore, the observed TA for Ir7 is ascribed to the
3m,7* state localized on the NAN ligand. As discussed in the
previous section, the T, state in Ir7 has the NAN ligand localized
*ma* configuration and is energetically closed to its T, state.
Thus, it can configurationally mix with the T, state and
predominantly contribute to the TA of Ir7.

Reverse Saturable Absorption. The results and dis-
cussions in the previous sections revealed that the ground- and
excited-state absorption and the triplet lifetimes were affected
remarkably by the site of benzannulation at the NAN ligand in
complexes Irl—Ir10. In addition, the TA signals for all
complexes except for Ir9 were positive at 532 nm upon 355
nm excitation, implying a stronger excited-state absorption at
this wavelength compared to that of the ground state. This
phenomenon set up the condition for reverse saturable
absorption (RSA, a nonlinear absorption in which the increased
incident fluence enhances the absorptivity of a compound) to
occur. To demonstrate the RSA, nonlinear transmission
measurement for all complexes was performed in acetonitrile
solutions in a 2 mm cuvette using the 532 nm 4.1 ns laser pulses
as the light source. For convenient comparison, the linear
transmission of each sample solution at 532 nm in the 2 mm
cuvette was adjusted to 80%. The resultant nonlinear trans-
mission curves are presented in Figure 6. With increased
incident energy, the transmission of all complexes decreased
pronouncedly, implying the appearance of RSA. The RSA
strength decreased following the sequence of Ir7 > Ir§ ~ Ir6 =
Irl > Ir3 > Ir2 > Ir10 > Ir4 > Ir8 > Ir9, with Ir7 exhibiting the
strongest RSA by reducing the transmission from 80% to 25% at
the incident energy of 709 yJ. The RSA trend matched well with
their AOD values at 532 nm (see Table 4). It should be noted
that the TA spectra shown in Figure S were obtained upon a 355
nm excitation. With the assumption that the initially populated
singlet excited state upon the 355 nm excitation rapidly decayed
to the lowest singlet excited state and then converted to the T

Transmittance

0.2 Ir10

1E-5 1E-4 1E-3
Incident Energy / J

Figure 6. Nonlinear transmission curves for Ir1—Ir10 at a 80% of linear
transmittance in 2 mm cuvette (in acetonitrile solution) using the 532
nm 4.1 ns laser pulses. The beam radius at the focal point was
approximately 96 pm.

state via ISC, the triplet excited state generated via the 35S or
532 nm excitation should be the same T state. This notion was
partially supported by the identical emission energies obtained
upon excitation at the 'z,7*/'CT band in the UV region and at
the 'CT band in the blue spectral region (see the exemplified
emission spectra of IrS upon 333 and 438 nm excitations in
Figure S10 of the Supporting Information). In such a case, the
trends of the AOD values deduced from Figure 5 for 355 nm
excitation can be assumed to be the same as the AOD value
trends upon 532 nm excitation.

It is well-known that the RSA strength is mainly determined
by the ratio of the excited-state absorption cross section vs that
of the ground-state (o,./0,) at the interested wavelength. A
decreased ground-state absorption and/or increased excited-
state absorption would induce a strong RSA. The o, values can
be deduced from the molar extinction coeflicients at 532 nm
using the conversion equation ¢ = 2303¢/N, (where N, is the
Avogadro’s constant). Unfortunately, the o, values for most of
the complexes could not be obtained because of the lack of
obvious bleaching bands in the TA measurement so that the
singlet depletion method was unable to be applied to estimate
the &, values. Nevertheless, the AOD values that measure the
difference between the excited-state and ground-state absorp-
tion can serve as a good indicator for the strength of the excited-
state absorption. A general trend is that the complexes with
larger ground-state absorption at 532 nm due to benzannulation
(i.e., Ir2, Ir4, Ir8, Ir9, and Ir10) exhibited weaker excited-state
absorption at 532 nm. The combination of these changes
reduced the RSA strength for these complexes. Although Ir3 had
an increased ¢, value at 532 nm, its much stronger excited-state
absorption at this wavelength counteracted the increased
ground-state absorption and consequently gave rise to a stronger
RSA than Ir2, Ir4, Ir8, Ir9, and Ir10.

B CONCLUSIONS

Ten biscyclometalated Ir(IIT) complexes featuring various NAN
ligands were synthesized, and their ground- and excited-state
properties were systematically studied. Extending 77-conjugation
of the N”N ligand via benzannulation induced either a
bathochromic or hypsochromic shift in their absorption and
emission spectra compared to their corresponding parent
complex. This phenomenon was explained by analyzing the
molecular orbital symmetry at the benzannulation site via DFT
calculations. Relying on the benzannulation site, stabilization
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Table 4. Ground-State Absorption Cross Sections (6,) and AOD Values of Ir1—Ir10 at 532 nm

1 2 3 4 5 6 7 8 9
06,/1071 cm? 1.39 3.06 5.65 247 1.28 1.37 1.52 5.80 242
AOD” 0.018 0.011 0.020 0.014 0.020 0.020 0.024 0.007 -

“Measured in CH,Cl,. "Measured in CH;CN. “Too weak to be measured.

10

4.61
0.015

(when benzannulation occurred at the 3,4-/3',4'-position or
5,6-/5',6"-position of 2,2'-bipyridine ligand or at the 6,7-
position of the quinoline ring of the NAN ligand) or
destabilization (when benzannulation took place at the 4,5-/
4',5'-position of 2,2-bipyridine ligand or at the 7,8-position of
the quinoline ring on the N”N ligand) or no change (when
benzannulation occurred at the 2,2',3,3'-position of 2,2'-
bipyridine or S,6-position of phenanthroline ligand) of the
LUMO was found upon interaction with cis-1,3-butanediene or
ethene. Consequently, a narrowed or enlarged or identical
HOMO-LUMO gap was produced compared to the parent
complex and a red- or blue-shifted, or no-change charge transfer
absorption band was observed. Similar trends were observed in
the emission spectra of these complexes. The site of
benzannulation also impacted the ns TA of these complexes
drastically. Because of the site-dependent benzannulation effects
on the ground- and excited-state absorption, RSA strength of
these complexes at 532 nm also varied, which followed the trend
of Ir7 > IrS ® Ir6 ~ Ir1 > Ir3 > Ir2 > Ir10 > Ir4 > Ir8 > Ir9. This
trend correlated well with their AOD values at 532 nm and their
ground-state absorption cross sections at 532 nm. Benzannu-
lation that increased ground-state absorption but reduced the
excited-state absorption resulted in reduced RSA, while
benzannulation that had a minor impact on the ground-state
absorption but increased the excited-state absorption gave rise
to enhanced RSA. A detailed understanding of the benzannu-
lation site-dependent bathochromic or hypsochromic shift of
the absorption and emission spectra is vital for designing
organometallic complexes with predetermined photophysical
properties for applications in OLEDs, dye-sensitized solar cells,
phosphorescent probes, and photosensitizers for upconversion
or photodynamic therapy.
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