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ARTICLE INFO ABSTRACT

The synthesis and photophysical properties (UV —vis absorption, emission, and transient absorption) of four
cationic Ir(IIl) complexes (C"N),Ir(R-quqo) * (HC'N = 1-phenylisoquinoline (piq) and 1,2-diphenylpyreno[4,5-
dlimidazole (dppi), quqo = 2-(2-quinolinyl)quinoxaline, R = H or fluorenyl) are reported. The UV-vis ab-
sorption and emission were simulated by time-dependent density functional theory (TDDFT). Influences of ex-
tending n-conjugation of the C'N ligand and the diimine ligand on the singlet and triplet excited-state absorption
and lifetimes of these complexes were explored. All complexes exhibited intense ligand-localized 'm,nt transi-
tions, broad and structureless metal-to-ligand charge transfer ("MLCT) / ligand-to-ligand charge transfer (*LLCT)
transitions, and very weak spin-forbidden *MLCT/?LLCT/?m, transitions in their UV-vis absorption spectra. The
two complexes that bear fluorenyl-substituted quqo ligands (Ir-3 and Ir-4) also possessed a broad intraligand
charge transfer (*ILCT) / 'mt,% band at 430-550 nm. The predominant *ILCT/>m, % characters of the triplet excited
states of Ir-3 and Ir-4 improved their phosphorescent emission quantum yields and prolonged their triplet
lifetimes compared to the weaker and short-lived emission of Ir-1 and Ir-2. In contrast to the very weak na-
nosecond transient absorption (TA) of Ir-1 and Ir-2, Ir-3 and Ir-4 possessed much stronger TA signals at
520 — 800 nm upon nanosecond laser excitation. These complexes exhibited moderate to strong reverse saturable
absorption (RSA) at 532nm for ns laser pulses, with the RSA trend following Ir-1 > Ir-2 = Ir-3 > Ir-4.
Considering the long triplet excited-state lifetimes and broadband TA, complexes Ir-3 and Ir-4 could be potential
broadband RSA materials.
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1. Introduction notably, the major absorption bands of most of the Ir(IlI) complexes

studied are below 400 nm, which makes them almost transparent in the

In the past a few decades, cyclometalated Ir(IlI) complexes have
attracted growing interests due to their potential applications in organic
light-emitting diodes (OLEDs) [1-5], light-emitting electrochemical
cells (LEECs) [6,7], photocatalysis [2,8,9], luminescent biological la-
beling and cellular imaging [10-13], chemo- and biosensing [14,15],
photodynamic therapy [11,16], and nonlinear optics [17-20], etc [21].
More recently, Ir(III) complexes, especially the monocationic com-
plexes, have been investigated as reverse saturable absorbers for optical
limiting applications because of their broad and strong excited-state
absorption [22-40]. Part of the interest in investigating the Ir(III)
complexes as reverse saturable absorbers lies in the fact that the
ground- and excited-state properties of the Ir(III) complexes can be
readily tuned via modifications of the diimine and/or cyclometalating
ligands with different substituents and/or n-conjugation [22-44]. More
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visible to the near-IR region. This feature is crucial for reverse saturable
absorbers that require a low loss in the visible to the near-IR region
[22-40].

Reverse saturable absorption (RSA) is one of the nonlinear absorp-
tion phenomena in which the excited state absorbs strongly than the
ground state, resulting in decreased transmission when the incident
fluence increases. RSA can be used in optical limiting [22-40], optical
switching [45], laser mode-locking [46], optical pulse compressing
[47], etc. According to the RSA mechanism [22-40,48], ground-state
molecules are first excited to the lowest singlet excited state (S;) via
one-photon absorption, then the excited molecules decay to the lowest
triplet excited state (T;) via intersystem crossing (ISC). For heavy-atom
containing molecules, such as Ir(Ill) complexes, the ISC time is much
shorter than the ns laser pulse duration, RSA of ns laser pulses primarily
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occurs via the triplet excited-state absorption [24]. Therefore, Ir(IIl)
complexes with higher triplet quantum yields and long-lived triplet
excited states are specially interesting.

For monocationic Ir(III) complexes, the nature and energy of their
lowest triplet excited state can be readily altered by an appropriate
choice and modification of the diimine and/or cyclometalating ligands
[22-44,49-52], which is a favorable feature in developing ideal RSA
materials. It has been reported that different diimine ligands sig-
nificantly impacted the triplet excited state quantum yield and lifetime
for the Ir(IlI) complexes [25,53]. When the electronic nature of the
substituent on the diimine and/or cyclometalating ligand changed, or
the number, or position of the substitutes varied, the impacts on the
lowest triplet excited state of Ir(IlI) complexes became more salient
[27,30,35,54-56]. In addition, extending the m-conjugation via ben-
zannulation on the diimine and/or the cyclometalating ligand or in-
troducing m-conjugated substituent on these ligands can adjust the
nature of the triplet excited state and thus impact the triplet excited-
state absorption and lifetime of Ir(II) complexes drastically
[22-26,29,32-34,36-40,571].

Our group previously reported that the triplet lifetimes of the
monocationic cyclometalating Ir(III) complexes could be extended upon
benzannulation at certain positions of the cyclometalating ligand via
switching the lowest triplet excited state (T;) to the cyclometalating
ligand-localized ®m,n* state when the diimine ligand has limited -
conjugation [24,40]. Alternatively, incorporation of a s-conjugated
motif, such as benzothiazolylfluoren-2-yl (BTF), to the diimine ligand
(such as 2,2’-bipyridine (bpy) or phenanthroline (phen)) also increased
the T, lifetime of the Ir(IlI) complexes due to the nature of the T, state
being altered to the diimine ligand-localized *ILCT/?m,7t* state [23,26].
In contrast, benzannulation at certain positions of the diimine and/or
cyclometalating ligand significantly shortened the T; lifetime although
such a benzannulation red-shifted the lowest-energy absorption band in
the UV-vis absorption spectra of the Ir(Ill) complexes
[25,34,38-40,57,58].

The aforementioned m-conjugation or substituent effects on the
lifetimes of the T; states in Ir(III) complexes intrinsically arise from the
overplay of the MLCT/?LLCT and 3w, characters. The more the *m,7t
character, the longer the T; lifetime. On the other hand, the
'MLCT/'LLCT transition energy that is directly related to the energy
gap between the diimine ligand based LUMO (lowest unoccupied mo-
lecular orbital) and the d-orbital and cyclometalating ligand based
HOMO (highest occupied molecular orbital), determines the lowest-
energy absorption band(s) in the UV-vis absorption spectra of the Ir(III)
complexes. We have demonstrated that benzannulation of bpy or 2-
phenylpyridine (ppy) ligand at an appropriate site of the ligands could
red-shift the “3CT (charge transfer) absorption band in the mono-
cationic Ir(IIl) complexes, accompanied by a reduced T; lifetime due to
increased nonradiative decay rates [25,34,38-40,57,58]. Such dual
effects were exemplified in the 2-(2-quinolinyl)quinoxaline (quqo)
containing Ir(IlI) complexes [34]: on one hand, the L3cT absorption
band was red-shifted to 730 nm due to the strong electron-withdrawing
ability and expansive m-conjugation of the quqo ligand; on the other
hand, the T, lifetime (ps range) was too short to allow the ns transient
absorption (TA) to be detected. Although modification of the ppy ligand
by attaching the BTF motif at the different positions of the ppy ligand
slightly prolonged the T; lifetime, the triplet TA was still difficult to be
monitored [34].

For developing Ir(Ill) complexes with broadband RSA, red-shifting
the weak »>CT absorption band while maintaining long-lived T, state is
critical. To realize this goal, we synthesized four monocationic Ir(III)
complexes bearing quqo as the diimine ligand (see Chart 1 ). Two
strategies aiming at improving the triplet lifetimes of these complexes
were adopted in designing these complexes. First, 1-phenylisoquinoline
(piq) and 1,2-diphenylpyreno[4,5-dlimidazole (dppi), which possess
different degrees of m-conjugation, were chosen as the cyclometalating
C'N ligand. We expected to switch the T; state character from the
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*MLCT/?LLCT configuration to the predominant C'N ligand-centered
S, configuration via benzannulation and thus increase the T, life-
time [24,36,40]. Secondly, building donor-acceptor-donor (D-A-D)
character in the diimine ligand by linking two m-donating fluorene
substituents to the electron-deficient quqo ligand would incorporate
ILCT character into the T, state in addition to extending the m-con-
jugation of the diimine ligand. Both effects have been manifested to
prolong the T, lifetime from our previous studies [23,26,33,36,37].
Although the synthesis and some photophysical properties of Ir-1 was
reported in earlier literature [57], its RSA was investigated here for the
first time. Ir-1 was also used for comparison purpose to better under-
stand the n-conjugation effects in the other three new complexes.

2. Experimental section
2.1. Materials and methods

All chemicals and reagents (analytical grade) for synthesis were
purchased from commercial sources and used as received unless
otherwise noted. Tetrahydrofuran was distilled over sodium/benzo-
phenone under the nitrogen atmosphere prior to use. The solvents used
for photophysical experiments were spectroscopic grade and obtained
from VWR International and used as is without further purification. 1-
Phenylisoquinoline (piq) was purchased from Aldrich Chemical Co.

The synthetic schemes for ligand L and the Ir(III) complexes are
displayed in Scheme 1. The precursors 6-amino-2-methylquinoxaline
[59,60] and F8-B [61], the cyclometalating ligand dppi [62-64] and its
corresponding chloro-bridged Ir(IlI) dimer [Ir(dppi)>Cl]l. [24], and
the piq Ir(IlI) dimer [Ir(piq)>Cl] 5 [65] were synthesized according to
the literature procedures. The synthetic details and characterization
data for ligand L and the Ir(III) complexes are provided below. "H NMR
spectra were recorded on a Varian Oxford-400 or Varian Oxford-500
spectrometer in CDCl3 or dg-DMSO with tetramethylsilane (TMS) as the
internal standard. High resolution mass (HRMS) analyses were per-
formed on a Waters Synapt G2-Si high resolution mass spectrometer.
Elemental analyses were conducted by NuMega Resonance Labora-
tories, Inc. in San Diego, CA.

2.1.1. Synthesis of ligand L

The synthetic procedure for the starting compound 1 is provided in
the Supporting Information.

Compound 2. At —2 ~ —5°C, 6-amino-2-methylquinoxaline
(0.08 g, 0.5 mmol) was added into a mixture of 48% HBr (0.56 mL),
85% H3PO4 (0.18 mL) and H,O (0.37 mL), and stirred for 20 min. A
solution of sodium nitrite (0.069 g, 1.0 mmol) in 0.43mL H,O was
added dropwise. The reaction mixture was stirred for an additional
0.5h at =2 ~ —5°C, and a solution of CuBr (0.107 g, 0.75 mmol) in
0.32mL 48% HBr was added dropwise. The reaction mixture was
stirred for 30 min at —2 ~ —5°C and then stirred at r.t. for 3 h until no
more gas evolution was observed. The reaction mixture was basified to
pH = 8 with a saturated aqueous Na,COs; solution and extracted with
CH,Cl,. The combined organic layers were washed with 5% aqueous
NaHSO3, and then the mixture was dried over anhydrous Na,SO,. After
removal of the solvent, the residue was purified by column chromato-
graphy (silica gel, n-hexane/ethyl acetate = 20/1, v/v) to give 36 mg
white solid (yield: 32%). 'H NMR (400 MHz, CDCls): § 8.73 (s, 1 H),
8.25 (d, J =2.0Hz, 1H), 7.88 (d, J =8.8Hz, 1H), 7.81 (dd, J = 8.8,
2.0Hz, 1 H), 2.76 (s, 3H).

Compound 3. To a solution of 6-bromo-2-methylquinoxaline
(1.43 g, 6.14 mmol) in 60 mL pyridine, SeO, (1.50 g, 13.51 mmol) was
added. Then the reaction mixture was heated to 100 °C for 16 h. After
cooling to r.t.,, the mixture was filtered, and the filtrate was con-
centrated. The residue was poured into saturated NaHCO3; aqueous
solution, and then filtered to remove the insoluble part. Floccule pre-
cipitates were formed after adding dilute HCl aq. (15%, wt.) in the
filtrate. After filtration and drying, 1.55 g white solid was obtained as
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Chart 1. Chemical structures of Ir(III) complexes Ir-1 — Ir-4.

compound 3 (yield: 79%). 'H NMR (400 MHz, DMSO-dg): § 9.38 (s,
1H), 8.36 (d, J =1.6Hz, 1H), 8.16 (d, J =8.4Hz, 1H), 8.03 (dd,
J = 8.8, 2.0Hz, 1 H).

Compound 4. In 60 mL DMF, compound 3 (1.55g, 6.13 mmol),
triethylamine (8 mL), N,O-dimethylhydroxyamine hydrochloride
(0.72 g, 7.35mmol), and HBTU (2.70 g, 7.35 mmol) were added, and
the mixture was stirred for 24 h at r.t. The reaction mixture was diluted
with ethyl acetate and washed with NaHCOj3 aq. solution and water,
respectively. Then the mixture was dried over anhydrous Na,SO, and
the solvent was removed to give a crude product. The crude product
was purified by column chromatography on silica gel with n-hexane/
ethyl acetate = 5/1 (v/v) to give 1.56 g white solid (yield: 86%). 'H
NMR (400 MHz, CDCls): § 9.10 (s, 1 H), 8.34 (d, J =2.4Hz, 1 H), 8.01
(d, J =8.8Hz, 1 H), 7.90 (dd, J = 8.8, 2.4 Hz, 1 H), 3.79 (s, 3H), 3.47
(s, 3H).

Compound 5. To a solution of compound 4 (0.59 g, 2.0 mmol) in dry
THF (40 mL), methylmagnesium bromide (0.733 mL, 2.2 mmol, 3M in
ether) was added at —78 °C and reacted for 1 h. Then the reaction was
quenched with saturated ammonium chloride aq. solution. After stir-
ring for 30 min at r.t., the product was extracted with ethyl acetate and
washed with H,O. The organic phase was dried over anhydrous Na,SO4
and filtrated. The volatile was removed under reduced pressure. The
residue was then purified by silica gel column chromatography eluting
with n-hexane/ethyl acetate (50/1, v/v) to afford yellowish solid
(105 mg, yield: 21%). *H NMR (400 MHz, CDCl;): § 9.48 (s, 1 H), 8.36
(d, J =2.0Hz, 1 H), 8.06 (dd, J = 9.2, 0.4 Hz, 1 H), 7.94 (dd, J = 9.2,
2.0 Hz, 1 H), 2.84 (s, 3H).

Compound 6. NBS (66 mg, 0.373 mmol) was added to a solution of
2-aminobenzaldehyde (45 mg, 0.373 mmol) in DMF (8 mL). The reac-
tion mixture was stirred at r.t. for 1 h under N, atmosphere. The yel-
lowish solution was poured into water and extracted with CH,Cl,. Then
the organic layer was washed with water four times, and the solvent
was removed under reduced pressure. 67 mg yellow oil was obtained as
the crude product, which was used immediately for the next step re-
action without purification.

Saturated ethanolic KOH (10 mL) was added to a mixture of com-
pound 5 (70mg, 0.30mmol) and 2-amino-5-bromobenzaldehyde
(67 mg, 0.373 mmol in theory) in ethanol (40 mL), and the mixture was
refluxed for 16 h under nitrogen atmosphere. After the mixture was
cooled to r.t., water was added. The formed grey precipitate was col-
lected by filtration and purified by column chromatography (silica gel,
n-hexane/ethyl acetate = 500/7, v/v) to obtain white powder (84 mg,

yield: 46%). 'H NMR (400 MHz, CDCl3): § 10.19 (s, 1H), 8.74 (d, J
=8.4Hz, 1H), 8.37 (d, J =2.4Hz, 1 H), 8.26 (d, J =8.8 Hz, 1 H), 8.13
(d, J =9.2Hz, 1H), 8.07 (d, J =2.4Hz, 1 H), 8.06 (d, J =4.0 Hz, 1 H),
7.90 (dd, J = 9.2, 2.4 Hz, 1 H), 7.86 (dd, J = 9.2, 2.4 Hz, 1 H).

Ligand L. Compound 6 (96mg, 0.231 mmol), F8-B (263 mg,
0.509 mmol) and Pd(PPhs), (54 mg, 0.046 mmol) were added to 20 mL
of toluene. Then 6 mL of 2M K,CO5 aq. solution (2.2 g in 8 mL H,0)
was added. The mixture was heated to reflux under nitrogen for 12 h.
After that the mixture was poured into 50 mL of water and extracted
with ethyl acetate. The combined organic layer was dried over anhy-
drous Na,SO,4. After the solvent was removed under reduced pressure,
the residue was purified by column chromatography (silica gel, n-
hexane/ethyl acetate = 50/1, v/v) to give yellow oil (110 mg, yield:
46%) as the product. 'H NMR (400 MHz, CDCl5): § 10.26 (s, 1 H), 8.79
(d, J =8.4Hz, 1 H), 8.44 (t, J =2.4Hz, 1 H), 8.41 (d, J =8.0Hz, 1 H),
8.34 (d, J =9.2Hz, 1 H), 8.27 (d, J =8.8 Hz, 1 H), 8.14 (dd, J = 10.8,
2.4Hz, 1H), 8.11 - 8.08 (m, 2H), 7.83 - 7.70 (m, 7H), 7.53 (dd,
J =16, 8.4Hz, 1 H), 7.41 - 7.26 (m, 6 H), 2.07 - 2.03 (m, 8 H), 0.91 —
0.46 (m, 60H). ESI-HRMS (m/2): caled. for [C,sHoN5+Nal™,
1056.7111; found, 1056.7134. Anal. Calcd. for C,5Hg1N3 (%): C, 87.07;
H, 8.87; N, 4.06. Found: C, 86.74; H, 8.83; N, 3.91.

2.1.2. Synthetic procedure for Ir(III) complexes Ir-1 and Ir-2

A mixture of chloro-bridged Ir(Ill) dimer (0.05mmol), quqo
(25.7 mg, 0.10 mmol), AgSO3CF3 (25.7 mg, 0.10 mmol), and 2-ethox-
yethanol (10 mL) was heated to reflux under N, for 24 h. After the
mixture was cooled to r.t., NH,PFs (163 mg, 1 mmol) was added and
stirred for another 3h at r.t. Then water (50 mL) was added to get a
green precipitate. The precipitate was collected by filtration, and wa-
shed with water and hexane, respectively. The crude product was
purified by column chromatography (silica gel, n-hexane/ethyl
acetate = 1:1, v/v) followed by recrystallization from CH,Cl, and n-
hexane.

Ir-1. Dark green powder 91 mg (yield: 86%). 'H NMR (400 MHz,
CDCls): 6 10.01 (s, 1 H), 8.86 — 8.71 (m, 3H), 8.68 (d, J =8.8 Hz, 1 H),
8.25 (d, J =8.0Hz, 1H), 8.18 (d, J =8.4Hz, 1 H), 8.09 (dd, J = 8.4,
1.2Hz, 1H), 7.87 - 7.80 (m, 3H), 7.78 (d, J =9.1 Hz, 1 H), 7.75 - 7.61
(m, 7H), 7.58 (d, J =6.4Hz, 1 H), 7.47 (ddd, J = 8.0, 6.8, 0.8 Hz, 1 H),
7.29 (dd, J = 6.4, 3.6 Hz, 2H), 7.20 (ddd, J = 8.8, 7.2, 1.6 Hz, 1 H),
7.16 — 7.07 (m, 3H), 6.92 — 6.85 (m, 2H), 6.39 (dd, J = 7.6, 1.2 Hz,
1H), 6.35 (dd, J=7.6, 1.2Hz, 1H). ESI-HRMS (m/z) Calcd for
[C47H31IrNs]H,  858.2206; found, 858.2236. Anal. Caled. for
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Scheme 1. Synthetic schemes for ligand L and the Ir(III) complexes Ir-1 - Ir-4.

C47H31IrN5PF4-3H,0 (%): C, 53.41; H, 3.53; N, 6.63. Found: C, 53.59;
H, 3.36; N, 6.72.

Ir-2. Dark green powder 82mg (yield: 58%). 'H NMR (400 MHz,
CDCl3): & 8.95 (s, 1H), 8.36 (d, J =8.4Hz, 1H), 8.21 (dd, J = 8.0,
1.2Hz, 1H), 8.14-8.01 (m, 5H), 8.00-7.80 (m, 11 H), 7.78 - 7.55 (m,
9H), 7.51 (d, J =8.4Hz, 1H), 7.43 -7.28 (m, 3H), 7.13 (t,J =7.2Hz,
2H), 6.94 - 6.68 (m, 5H), 6.63 — 6.57 (m, 2H), 6.46 (dd, J = 8.0,
1.2Hz, 1 H), 6.35 (t,J =8.0Hz, 1 H), 6.27 (t,J =8.0 Hz, 1 H), 6.02 (dd,
J=8.0, 1.2Hz, 1H). ESI-HRMS (m/2): caled. for [C;sH4sIrN,]1%,
1236.3367; found, 1236.3355. Anal. Calcd. for C;5sH4sIrN;PFg1.5H,0
(%): C, 63.96; H, 3.44; N, 6.96. Found: C, 63.91; H, 3.80; N, 6.89.

2.1.3. Synthetic procedure for Ir(IIl) complexes Ir-3 and Ir-4

The solution of Ir(III) chloro-bridged dimer (0.02 mmol), ligand L
(42mg, 0.04mmol) and AgSO3CF3 (10 mg, 0.04 mmol) in CH,Cly/
MeOH (45mL, 2:1, v/v) was refluxed under nitrogen atmosphere for
12 h. After that, the dark red solution was cooled to room temperature,
and a 10-fold excess of NH4PF¢ (33 mg, 0.20 mmol) was added and
stirred for 2h at r.t. The volatiles were completely removed under

reduced pressure, and the residue was purified by column chromato-
graphy on silica gel using CH,Cl,/ethyl acetate (50:1, v/v) as the eluent
to obtain the product. The product was further purified by re-
crystallization from CH,Cl, and n-hexane.

Ir-3. Dark red powder 52mg (yield: 68%). 'H NMR (400 MHz,
CDCl): § 10.12 (s, 1 H), 8.96 (d, J =6.8 Hz, 1 H), 8.88 (d, J =7.6 Hz,
1H), 8.79 (t, J =9.2Hz, 2H), 8.41 (d, J =1.6Hz, 1H), 8.29 (d, J
=6.4Hz, 1H), 8.23 (d, J =7.6 Hz, 1 H), 8.07 (s, 1 H), 7.90 — 7.82 (m,
3H),7.78 -7.48 (m, 17 H), 7.40 - 7.29 (m, 9H), 7.17 - 7.11 (m, 1 H),
7.00 - 6.91 (m, 2 H), 6.45 (d, J =8.0 Hz, 1 H), 6.41 (d, J =8.0Hz, 1 H),
2.07 —1.97 (m, 8 H), 0.90 — 0.45 (m, 60 H). ESI-HRMS (m/2): calcd. for
[CiosH111IrNs] ™, 1634.8481; found, 1634.8529. Anal. Calcd. for
Ci10sH111IrNsPF¢7H50 (%): C, 66.15; H, 6.61; N, 3.67. Found: C, 66.17;
H, 6.87; N, 3.72.

Ir-4. Dark red powder 62mg (yield: 72%). 'H NMR (400 MHz,
CDCl3) 6 9.06 (s, 1 H), 8.47 (s, 1 H), 8.45—8.38 (m, 1 H), 8.34 — 8.22
(m, 2H), 8.16 - 8.03 (m, 6 H), 8.09 - 7.91 (m, 7H), 7.87 — 7.53 (m,
22H), 7.42 - 7.30 (m, 8 H), 7.24 - 7.16 (m, 2H), 6.94 — 6.76 (m, 3 H),
6.70 - 6.41 (m, 3H), 6.17 - 6.02 (m, 1 H), 2.12 - 1.96 (m, 8 H), 0.94 —
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0.37 (m, 60H). ESI-HRMS (m/z): caled. for [Ci33H;o5IrN,17T,
2012.9642; found, 2012.9677. Anal. Calcd. for C;33H;25IrN,PF¢ (%): C,
74.00; H, 5.84; N, 4.54. Found: C, 73.64; H, 6.06; N, 4.68.

2.2. Photophysical and nonlinear transmission measurements

The UV-vis absorption spectra were recorded on a Shimadzu UV-
2501 spectrophotometer. The steady-state emission was measured on a
HORIBA FluoroMax-4 fluorometer/phosphorometer. The relative acti-
nometry method [66] was used to determine the emission quantum
yields in degassed solutions, with a degassed acetonitrile solution of
[Ru(bpy)3]Cly (Dem = 0.097, Aex =436nm) [67] being used as the re-
ference for the complexes and 1 N sulfuric acid solution of quinine bi-
sulfate (®e, = 0.546, Aoy =347.5nm) [68] was used as the reference
for ligand L. The nanosecond transient difference absorption (TA)
spectra and lifetimes were measured on an Edinburgh LP920 laser flash
photolysis spectrometer in degassed toluene solutions. Excitation was
provided by the third-harmonic output (355 nm) of a Quantel Brilliant
Q-switched Nd:YAG laser (pulse width ~ 4.1 ns, the repetition rate was
set to 1 Hz). The reverse saturable absorption of complexes Irl - Ir-4
was demonstrated in CH,Cl, solutions by a nonlinear transmission ex-
periment at 532 nm using the Quantel Brilliant laser (pulse width ~
4.1 ns, the repetition rate was set to 10 Hz) as the light source. The
linear transmission of the sample solutions was adjusted to 80% at
532nm in a 2-mm-thick cuvette. A 40-cm plano-convex lens was used
to focus the beam to the center of the 2-mm-thick sample cuvette. The
radius of the beam waist at the focal point was approximately 96 pm.
The experimental setup and other details were described previously
[23,69,70].

2.3. Computational methodology

Ground- and excited-state geometries were obtained at the level of
density functional theory (DFT). The UV-vis absorption spectra and
emission energies were simulated using the linear-response time-de-
pendent DFT (TDDFT). All calculations were carried out using
Gaussian09 quantum chemistry software package [71]. The effect of
toluene solvent was implicitly included using Conductor Polarized
Continuum Model (CPCM) [72,73]. The ground-state geometry was
optimized in toluene using PBEO functional [74] with the mixed basis
set applying LAN2DZ [75,76] for Ir(IIl) and 6 —31G* [77-81] for C, H
and N atoms.

Our previous studies showed that PBEO functional was capable to
accurately represent the UV-vis absorption spectra of heteroleptic
monocationic Ir(III) complexes [29]. However, this functional resulted
in an inconsistent trend of the lowest-energy absorption band for Ir-3
and Ir-4, compared to their experimental spectra (Supporting In-
formation (SI) Fig. S1). Many research results on DFT methods pointed
out that for all practical applications every DFT model serves as an
effective approximate method and is able to correctly describe only a
specific realm of physical phenomena. Intent to only reproduce ex-
perimentally measured quantities frequently led to incorrect inter-
pretations (i.e., getting the right number for the wrong reason) [82].
Taking this point into account, we compared the performance of PBEO
and wB97XD in reproducing the absorption spectra of Ir-1 — Ir-4 (SI Fig.
S1). While PBEO provided much better agreement for the energies of
absorption bands of all complexes, it resulted in a reverse trend for the
low-energy charge transfer (CT) band between Ir-3 and Ir-4. In contrast
to the hybrid functionals like PBEO, which include a fixed portion of the
Hartree Fock (HF, 25%) exchange to the pure generalized gradient
approximation (GGA) exchange, the long range corrected (LRC) func-
tionals have HF contributions depending on the inter-electronic dis-
tances. For instance, the functional wB97XD has 22% HF exchange
contributing in the short-range, whereas 100% HF contribution in the
long range. The variable HF fractions of orbital exchange to some extent
eliminate the spurious long-range self-repulsion intrinsic to GGA
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functionals. This typically leads to more accurate descriptions of the CT
character of excitonic states compared to the hybrid functionals such as
PBEQ. However, the energies of the optical transitions are highly sen-
sitive to the HF potion: the higher the HF portion the larger the tran-
sition energy. Therefore, wB97XD that includes up to 100% HF in long-
range typically results in over-blue-shifted absorption bands compared
to the experimental spectra [83,84].

It is also well-known that the HF portion in functionals affects the
CT and m,5t* transitions differently. While both transitions are shifted to
the blue with increased HF contributions to the functional, the CT states
are shifted much more than the m,5t* states [82,85-88]. Because of the
more pronounced CT character of the lowest-energy band in Ir-3 than
in Ir-4, ©®B97XD functional resulted in more blue-shifted lowest-energy
S; transition in Ir-3 than that in Ir-4, while PBEO provided a reverse
trend (SI Fig. S1). Despite the significantly blue-shifted energies, the
trend of the calculated absorption spectra of Ir-1 — Ir-4 by wB97XD
qualitatively agreed with the experimental spectra. Based on its reliable
qualitative trend, ®B97XD functional was chosen for calculations of the
absorption spectra despite the overestimated energies of optical tran-
sitions. Thus, 60 optical transitions were calculated by TDDFT using
®wB97XD functional and the mixed LANL2DZ/6-31G* basis set in to-
luene to reproduce the absorption spectra of the ligand L and complexes
Ir-1 - Ir-4. Broadening the obtained transitions by a normalized
Gaussian function with a line-width of 0.1 eV made the calculated
UV-vis absorption spectral profiles qualitatively agree with the ex-
perimental spectra. The characteristics of each transition were analyzed
by generating natural transition orbitals (NTOs) [89] and visualized via
GaussView 5.09 graphical software [90] using an isovalue of 0.02 (SI
Fig. $2).

The phosphorescence energies were simulated by analytical TDDFT
[91] via optimizing the excited triplet state using PBEO functional.
Characterization of the nature of the emissive states via NTOs utilizing
PBEOQ gave rise to the consistent results with the experimental evidence.
In contrast, simulating the emissive states via ASCF-TDDFT [92] uti-
lizing wB97XD resulted in all transitions having Si,m* character (SI
Table S1). The large percentage of HF and LRC in wB97XD caused the
CT transitions to shift above the 3m,z* optical transitions, which are
inconsistent with the excited state lifetimes.

3. Results and discussion
3.1. Synthesis and characterization

As mentioned earlier, the purpose of incorporating fluorene units to
the diimine ligand L is to improve the triplet lifetime of the formed Ir
(II1) complexes. However, the synthesis of L was quite challenging and
suffered from harsh reaction conditions, precautionary experimental
operation, careful purification and low reaction yield due to the in-
stability of the 6-Br-substituted quinoxaline derivatives in the presence
of acid, base or nucleophilic reagents. The synthetic schemes for ligand
L and its precursors are outlined in Schemes 1 and S1. Preparation of
the key precursor (compound 6) started with 6-amino-2-methylqui-
noxaline (compound 1) via diazotization-bromination, oxidation,
Weinreb-Nahm ketone synthesis and Friedldnder condensation
(Scheme 1). In the first step reaction to obtain 6-bromo-2-methylqui-
noxaline (compound 2), direct cyclization of 4-bromo-1,2-diamino-
benzene and pyruvic aldehyde frequently yielded a mixture of 6- and 7-
brominated 2-methylquinoxaline, which was very difficult to separate
[93-95]. Instead, diazotization-bromination is the most commonly used
method for preparing aryl bromides, and the major advantage of this
approach is the selective bromination to a specific position on the
aromatic ring [96,97]. After screening a variety of strong acids and
optimizing reaction temperature [98-100], the diazotization-bromina-
tion reaction was carried out using sodium nitrite at —3 ~ 5°C in two
steps: diazotization of the amine in concentrated hydrobromic and
phosphoric acid mixture and a subsequent reaction with concentrated
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hydrobromic acid in the presence of cuprous bromide. A small-scale
reaction of 0.5 mmol starting compound was found to be the most ap-
propriate stoichiometry for our experimental condition. Precise tem-
perature and reaction time control, and the speed for acid addition also
affected the yield of this reaction pronouncedly, which was lowered due
to the loss of bromine or producing bi-brominated byproduct. The next
two steps, ie. oxidation and Weinreb-Nahm amination reactions pro-
ceeded with high yields, showing that the 6-bromo substituent was
inert under such a reaction condition [101]. The subsequent treatment
of Weinreb-Nahm amine (compound 4) with a Grignard reagent for
ketone formation at —78 °C only gave 21% isolated yield because the
strong nucleophilic Grignard reagent replaced the 6-bromo group even
at a very low reaction temperature. It should be noted that attempts to
substitute 6-bromo with fluorenyl group by a Suzuki or Stille coupling
reaction prior to the formation of ketone failed. The Friedlander con-
densation reaction to form the key intermediate 6 and the subsequent
Suzuki coupling reaction to produce ligand L both showed low yields.
Moreover, the side reaction that led to mono substituted byproduct
formation caused the difficulty in purification of the Suzuki coupling
reaction. All compounds except for compound 3 were purified by
column chromatography.

The synthesis of Ir-1 and Ir-2 followed the classic reaction condition
using the corresponding chloro-bridged Ir(III) dimer and the quqo li-
gand via the bridge-splitting reaction in the presence of AgSO3CF3 at
high temperature. However, the synthesis of Ir-3 and Ir-4 followed a
modified procedure that utilized AgSO3CF3 salt and a mixed low boiling
point solvents CH,Cl, and MeOH. This milder reaction condition
avoided high-temperature reaction, reduced complicated side reactions
and shortened the reaction time. Consequently, Ir-3 and Ir-4 showed a
reduced decomposition at this reaction condition and the production
yields were higher compared to the traditional preparation procedures
[26]. Care should be taken when using MeOH as eluent in the process of
column chromatography because complexes Ir-3 and Ir-4 were com-
pletely decomposed. All new compounds were identified by 'H NMR
spectroscopy, and the ligand L and Ir(IlI) complexes were further
characterized by high resolution ESI-mass spectrometry and elemental
analyses. It is worth noting that ligand L and the Ir(IIl) complexes
showed good air-stability and solubility in common organic solvents.

3.2. Electronic absorption

The experimental and calculated UV-vis absorption spectra of the
ligand L and Ir(III) complexes are shown in Fig. 1. The overall spectral
features and absorption bands matched well between the experimental
and theoretical spectra except for the ca. 40-80 nm blue-shifts of ab-
sorption bands in the theoretical spectra (SI Fig. S2). The electronic
absorption band maxima and molar extinction coefficients data are
listed in Table 1. Although planar m-conjugated ligands existed in the
cyclometalating and diimine ligands, no ground-state aggregation was
observed in the concentration range studied for the Ir(III) complexes in
toluene (1 x 107® — 1 x 10~ % mol L™'). The absence of aggregation
should be mainly ascribed to the octahedral geometry of the Ir(III)
complexes, which prevents intermolecular interactions and is a
common feature for Ir(Ill) complexes [102,103].

As shown in Fig. 1, the diimine ligand L displayed two major ab-
sorption bands at 292 and 388 nm, respectively, with large molar ex-
tinction coefficients (over 10* Lmol ~! cm ™!, Table 1). According to the
reports on the related diimine ligands, these bands should pre-
dominantly originate from the 'm,* transitions, possibly mixed with
some ‘ILCT configuration in the 388-nm band [34,57].

All Ir(Il) complexes displayed intense absorption bands in the
spectral regions of < 400 nm (420 nm in Ir-4), moderately intense ab-
sorption bands in the range of 400-520 nm (420 — 570 nm in Ir-4), and
weak absorption bands at > 520 nm (> 570 nm in Ir-4). Considering
the vibronic structures of the high-energy absorption bands at < 400 or
420nm and their large molar extinction -coefficients (¢ > 10*
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Fig. 1. UV-vis absorption spectra of ligand L and Ir(IlI) complexes Ir-1-Ir-4 in
toluene. (a) Experimental spectra. The inset shows the expanded spectra in the
regions of 550 — 900nm. (b) TDDFT calculated spectra in toluene using
wB97XD functional.

Lmol !em™?, Table 1), these bands are assigned to the spin-allowed
intraligand (‘IL) 'm,;* transitions [34,49-52,57], maybe mixed with
minor charge-transfer characters with reference to our previously re-
ported quqo based Ir(IlI) complexes [34]. While the moderately intense
absorption bands at 400-520 nm (or 420 —570 nm in Ir-4) are broad
and structureless, which typically arise from charge transfer transitions
such as ligand-to-ligand charge transfer (*LLCT) and/or metal-to-ligand
charge transfer (*MLCT) with reference to the other reported Ir(III)
complexes [104,105]. For complexes Ir-3 and Ir-4, the absorption
bands in this spectral region are much stronger. In view of the structural
feature of the diimine ligand in these two complexes that contains
electron-donating fluorenyl substituents and electron-withdrawing
quqo component, these bands likely predominantly originate from in-
traligand charge transfer (*ILCT) transitions within the diimine ligand
mixed with some 'LLCT/*MLCT characters. The very weak and broad
tails at 500 —700 nm for Ir-1, 500 — 850 nm for Ir-2, 550 — 700 nm for
Ir-3, and 570 — 750 nm for Ir-4 could be an overlay of multiple sources
of transitions. Based on the previous reports on other Ir(IlI) complexes,
SMLCT, 3r,7*, and 3LLCT transitions could contribute to the bands in
this region [29,34,36]. The energy of this band in Ir-1 was quite similar
to those reported for other Ir(Ill) complexes bearing the same quqo
ligand [34]. In contrast, this band in Ir-2 became much stronger com-
pared to that in Ir-1 and extended to 850 nm. This phenomenon could
be attributed to the extended m-conjugation of the dppi ligands, which
raised the dppi-localized highest occupied molecular orbital (HOMO)
and reduced the energies of the “LLCT transitions. However, in-
corporation of the electron-donating fluorenyl motif to the quqo ligand
in Ir-4 shortened this band to 750 nm (see Fig. 1a inset). This change
can be presumably ascribed to the destabilized quqo-localized lowest
unoccupied molecular orbital (LUMO) due to the extended n-conjuga-
tion of the diimine ligand and the electron-donating ability of the
fluorene motif, which in turn increased the energies of the “LLCT
transitions.
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Table 1
Photophysical parameters of the ligand L and Ir(IIl) complexes Ir-1 — Ir-4.
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Aabs/nm (loge)®

Aem/DM (Tem/NS); Pem' Arita/nm (z7/ns)°

L 388 (4.94), 292 (4.87)
Ir-1 550 (3.08), 432 (3.94), 381 (4.52), 366 (4.53), 293 (4.61)

Ir-2 750 (2.20), 621 (3.19), 548 (3.45), 464 (3.59), 402 (4.53), 382 (4.63), 358 (4.78), 345 (4.77), 290 (4.91)

Ir-3 568 (3.11), 455 (4.51), 384 (4.25), 320 (4.85), 299 (4.78)

Ir-4 625 (3.21), 495 (4.30), 448 (4.22), 406 (4.37), 387 (4.32), 329 (4.84), 294 (4.80)

430 (-), 453 (—); 0.32 490 (60,000), 690 (60,000)

612 (—), 659 (—); — 407 (-)
704 (-); - 436 ()
703 (60); 0.0037 525 (60)
706 (50); 0.0034 570 (50)

2 Absorption band maxima and molar extinction coefficients of the UV —vis absorption in toluene at r.t.
> Emission band maxima and decay lifetimes in degassed toluene at r.t. (1 x 10~ ° mol/L). A degassed acetonitrile solution of [Ru(bpy)s]Cly (Pem = 0.097, Aex
=436 nm) [67] was used as the reference for the complexes and 1 N sulfuric acid solution of quinine bisulfate (@, = 0.546, Ax =347.5nm) [68] was used as the

reference for ligand L emission quantum yield measurements at r.t.

¢ Nanosecond TA band maxima and triplet excited-state lifetimes in degassed toluene at r.t.

In order to unambiguously assign the nature of the absorption
bands, TDDFT calculations were carried out and the natural transition
orbitals (NTOs) of the major transitions contributing to the low-energy
absorption bands for the ligand L and Ir(III) complexes are compiled in
Table 2. The NTOs of the other major transitions contributing to the
bands below 400 nm are provided in Table S2 of the Supporting In-
formation. As depicted in Table 2, the holes of the low-energy transi-
tions in the complexes are delocalized on the phenyl motifs of the C'N
ligand, the d-orbital of the Ir(IIl) ion, the pyrenylimidazole components
of the dppi ligand in case of Ir-2 and Ir-4, and part of the diimine ligand
in Ir-3 and Ir-4 (see holes of S, and S, states for Ir-3 and S5 state for Ir-4
in Table 2), while the electrons are exclusively localized on the quqo
ligand. Therefore, the absorption bands between 400 and 520 nm (or
420570 nm in Ir-4) indeed corresponded to the 'LLCT/*MLCT (for Ir-
1 and Ir-2) and 'ILCT/'LLCT/*MLCT (for Ir-3 and Ir-4) transitions in
nature, which agreed with our aforementioned assignments based on
the features of the absorption bands. For the high energy absorption
bands at < 400 nm, NTOs (see NTOs in Table S2) indicate that both the
holes and electrons are essentially localized on the same C"N or diimine
ligands, which supports the ligand-centered m,;t* transitions mixed
with minor 'LLCT/*MLCT transitions.

3.3. Photoluminescence

Emission characteristics of the ligand L and complexes Ir-1-Ir-4
were investigated in different solvents at room temperature. The
emission spectra in toluene are displayed in Fig. 2, and the emission
band maxima, lifetimes and quantum yields are listed in Table 1. The
emission spectra and parameters in other solvents are provided in the
Supporting Information Fig. S5 and Table S3.

The ligand L exhibited structured blue fluorescence with a moderate
quantum yield in toluene (®., = 0.32) and hexane (P, = 0.26).
However, the emission spectra became featureless and gradually red-
shifted when the polarity of solvent increased from dichloromethane,
acetone to acetonitrile, accompanied by much higher fluorescence
quantum yields of 0.60—0.68 compared to those in toluene and
hexane. In addition, the fluorescence quantum yields slightly decreased
in more polar solvents acetone and acetonitrile compared to that in
dichloromethane. These features imply that the observed blue fluores-
cence in the nonpolar solvents toluene and hexane emanates from a
Im,;* state; while the emitting state changes to an intramolecular
charge transfer state (ICD) in polar solvents.

In contrast, complexes Ir-1-Ir-4 are all very weakly emissive at room
temperature in solutions. The emission quantum yields of Ir-1 and Ir-2
were too low to be reliably determined. All complexes exhibited far-red
to NIR phosphorescence with emission maxima at 659 nm for Ir-1 to
approximately 706 nm for Ir-2-Ir-4. The assignment of the emission to
phosphorescence is based on the facts of significant red-shifts of the
emission bands with respect to the corresponding excitation wave-
lengths (i.e. > 5000 cm ™ '), prone to oxygen quenching (SI Fig. $6), and
the tens of nanosecond emission lifetimes for Ir-3 and Ir-4 (Tables 1 and

S3, and Fig. S7). In view of the relatively short phosphorescence life-
times and the broad spectral feature, the nature of the emitting states
could have predominant charge transfer (3CT) character, likely being
the *MLCT/3LLCT states but with significant *ILCT configurations in
case of Ir-3 and Ir-4. However, the spectra of Ir-1 and Ir-4 are some-
what structured, implying some involvement of the ligand-localized
3m,;m* configuration.

The involvement of %u,5t* configuration in the emitting state of Ir-1
is partially supported by its similar emission feature to that of (piq).lr
(bpy)** (bpy = bipyridine), which also showed structured emission at
592 and 630 nm in toluene with the mixed *MLCT/?LLCT/3x,n* (pig-
localized) parentage [24]. The red-shifted emission spectrum of Ir-1
compared to that of (piq)ZIr(bpy)2+ reflects the nature of the strong
electron-withdrawing ability and extended m-conjugation of the quqo
ligand, which decreased the energy of the 3MLCT/?LLCT state and
significantly increased the nonradiative decay rate. Consequently, the
emission of Ir-1 was too weak to allow for the emission quantum yield
and lifetime to be reliably determined. For Ir-2, the predominant
charger transfer nature of its emitting state was supported by its dras-
tically red-shifted emission spectrum (704nm in toluene) and very
weak emission in comparison to its (dppi).Ir(bpy)?** counterpart
(568 nm, with a lifetime of 12.2 us and quantum yield of 0.0064 in
toluene) that has a dppi-localized >m,5t* emitting state [24]. In addition,
the expansive m-conjugation of the dppi ligand increased the HOMO
energy level (SI Fig. S3) and reduced the energy of the emitting
SMLCT/3LLCT state of complex Ir-2, leading to the further red-shifted
emission with respect to Ir-1.

For complexes Ir-3 and Ir-4, the involvement of *ILCT configuration
in their emitting states is partially supported by the positive solvato-
chromic effect (SI Fig. S5). In addition, the similar emission energies,
quantum yields and lifetimes of these two complexes imply that the
emission of these two complexes mainly come from the same structural
component, i.e. the fluorenyl-substituted quqo ligand, which is asso-
ciated with the 3m,5*/°ILCT state. However, the emission spectrum of
Ir-4 showed a clearer vibronic structure, suggesting more >m,5* char-
acter in the emitting state of Ir-4.

To better understand the nature of the emitting states in Ir-1-Ir-4,
analytical TDDFT calculations were carried out using PBEO functional.
The NTOs contributing to the lowest triplet excited state are shown in
Table 3. Although the calculated energies were noticeably red-shifted
compared to the experimental data, the trend of the calculated energies
of the lowest triplet transitions essentially matched the emission energy
trend of the experimental spectra (AEy.; > AEy. o = AEp.3 = AEp.4),
allowing one to make meaningful reference. As the NTOs of Ir-1 and Ir-
2 indicate, the holes are mainly on the cyclometalating C'N ligand, the
d orbitals of the Ir(IIl) metal ion, and a very small portion of the quqo
ligand in case of Ir-1; while the electrons are exclusively on the quqo
ligand. Therefore, the emitting triplet excited states (T;) should be the
SMLCT/?LLCT states for these two complexes mixed with minor m,st*
character in case of Ir-1. In contrast, for Ir-3 and Ir-4, both the holes
and electrons primarily localized on the diimine ligand L, with some
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contributions from the d orbital of the Ir(III) ion on the electrons. This
distribution indicates that the observed emission of these two com-
plexes emanates from the SILCT/3n,7u*/MLCT states, but Ir-4 has more
3m,m* character. In Ir-4, the electrons also distributed to the dppi li-
gand. Thus, >LLCT configuration also contributed to its emitting state.
These assignments essentially coincided with our assignments based on
the experimental results.

3.4. Transient absorption (TA)

Nanosecond transient absorption measurements were employed to
gain further insight into the absorption and lifetimes of the triplet ex-
cited states of ligand L and complexes Ir-1 — Ir-4. Especially for the

Table 2
Natural transition orbitals (NTOs) representing transitions contributing to the
low-energy bands of ligand L and Ir(IIl) complexes Ir-1 — Ir-4 in toluene.”

Excited states  Holes Electrons
and
properties
L S, >, s 2 ®.,
244, @R 4 T2L 44
£= 030 i
52 % yd %ii enia AL
332 nm g g M B e
s B SR
Il S, vy BT
439 nm L ALY 3
3 b %
w 14
b33 34
Sa “'—,“ i
385nm 2
f=0.013 b ),
)"a‘
S3 e
376 nm ey
f = 0.068 b Y
Py [)"{fj
)0'1
Ir-2 S, s
456 nm 259" 430
3.5 4
f=0.019 .
2 2,
sy
‘a‘-n;“
Sa P
413 nm 9" ase
f=0.036
S3
377 nm
f=0.018
Ir-3 S ., 08, T
436 nm “pbd 54
f=0.022
Sz
388 nm
f = 0.895

3 3% X,
P PR DEEN

.
370 nm BRRAAIR L O WK
3 RSB
f= 0664 "%"%{ i
. W,

3 2%
PPy

3¢ TTH

e Y

1 “fvﬁ?&isi«
P e

223953 * 0
R s

AR )
’ bl

Journal of Photochemistry & Photobiology A: Chemistry 400 (2020) 112609

Table 2 (continued)

Excited states ~ Holes Electrons
and

properties

Ir-4 S,

@ TDDFT calculations were carried out in toluene using ©B97XD functional
with mixed basis set of LANL2DZ/6-31G*, the geometries were obtained by
ground state optimization using PBEO with mixed basis set of LANL2DZ/6-
31G*. The solvent effects for toluene were implicitly included using CPCM re-
action field model.
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Fig. 2. Normalized emission spectra of ligand L and Ir(III) complexes Ir-1 - Ir-4
in toluene at r.t. (1 X 10™° molL™}, Aoy =347.5nm for L, 431 nm for Ir-1,

455 nm for Ir-2 and Ir-3, and 495 nm for Ir-4). The toluene solutions of Ir-1 - Ir-
4 were degassed by bubbling with N, for 40 min..

weaker or non-emissive species, such as complexes Ir-1 and Ir-2,
transient absorption spectroscopy is a better method to study the dy-
namics of the excited species. The TA spectra of complexes Ir-1 — Ir-4 at
zero delay after excitation and the time-resolved TA spectra of com-
plexes Ir-3 and Ir-4 upon excitation at 355nm in deaerated toluene
solutions are shown in Fig. 3. The time-resolved TA spectra of ligand L
and complexes Ir-1 and Ir-2 are provided in Fig. S8 of the Supporting
Information. The triplet excited-state lifetimes deduced from the decays
of the TA signals (SI Fig. S9) are presented in Table 1. Because of the
very weak TA signals from Ir-1 and Ir-2, their triplet lifetimes were
unable to be determined.

As shown in Fig. 3, both Ir-1 and Ir-2 exhibited very weak excited-
state absorption in the regions of 400-600 nm. With reference to the
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Table 3
NTOs contributing to the lowest triplet excited states of Ir-1-Ir-4 in toluene.

T, energy (nm) Electrons Holes

Ir-1 836

Ir-2 870

Ir-3 911 w4
AT LT
gt i

Ir-4 869

nature of the emitting excited states discussed in the photo-
luminescence section, it is reasonable to attribute the observed TA to
the ®MLCT/3LLCT states in these two complexes. Compared to the
previously reported complexes (piq).Ir(bpy)>* and (dppi),Ir(bpy)**
(which have the same C°N ligand as that in Ir-1 and Ir-2, respectively,
but different diimine ligand) with broad and intense TA and us-long
triplet excited state lifetimes [24], the spectral features, intensities, and
lifetimes of Ir-1 and Ir-2 are drastically different. This provides another
piece of evidence that the natures of the T; states in Ir-1 and Ir-2 are
indeed different from the m,;* states in the reported complexes. Again,
this change is consistent with the lower-energy of the *MLCT/?LLCT
states in Ir-1 and Ir-2 due to the extended m-conjugation of the quqo
ligand and its stronger electron-withdrawing ability, which make the
SMLCT/3LLCT states lower in energy than the C'N ligand-localized
3m,;* states and become the lowest triplet excited states.

Distinct from the TA spectra of Ir-1 and Ir-2, the spectra of Ir-3 and

400 500 600 700 800
Wavelength (nm)

0.015
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Ir-4 resembled each other with a bleaching band occurring at 455 nm
for Ir-3 and 470 nm for Ir-4, and a broad positive absorption band at
495-800 nm for Ir-3 and 515-800 nm for Ir-4. Both the bleaching and
TA band maximum of Ir-4 are obviously red-shifted compared to those
in Ir-3, implying the impact of the different C°'N ligands in these two
complexes. The energies of the bleaching bands are in line with those of
the 'mt,m* /' ILCT/*MLCT/*LLCT transitions in their respective ground-
state absorption bands. The triplet lifetimes deduced from the decay of
the TA signals (SI Fig. S9) are essentially the same as those obtained
from the decay of emission, indicative of the origin of the observed TA
being arising from the emitting T; states. With reference to the natures
of the T; states discussed in the photoluminescence section, the ob-
served TA for Ir-3 and Ir-4 are attributed to the MLCT/3ILCT/3rn,nt*
states, mixed with some 3LLCT character in case of Ir-4. Obviously,
involvement of the diimine ligand-localized *ILCT/?m,7* configuration
in the T; states dramatically enhanced the triplet excited-state ab-
sorption and prolonged the T; lifetimes in Ir-3 and Ir-4. It should be
noted that even if the transient absorbing species in Ir-3 and Ir-4 are
quite similar, the TA signals of Ir-4 are much weaker than those of Ir-3.
This can be rationalized by the nature of TA measurement, which
measures the absorption difference between the excited state and the
ground state. Because of the distinct ground-state absorption spectral
features of Ir-3 and Ir-4 (in view of the absorption band maxima and
molar extinction coefficients, see Fig. 1), the observed TA intensities for
these two complexes are different even if the excited-state absorption
spectral features are similar.

3.5. Reverse saturable absorption (RSA)

Nonlinear transmission experiment was carried out to demonstrate
the RSA of Ir-1 - Ir-4 in CH,Cl, at 532 nm for ns laser pulses. CH,Cl,
was chosen as the solvent instead of toluene because it can dissolve the
complexes better to reach the desired concentration. Fig. 4 displays the
results for solutions with a linear transmittance of 80% in a 2mm
cuvette. All complexes exhibited a decrease of light transmission with
increasing incident fluence, illustrating the appearance of RSA from
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Fig. 3. (a) Nanosecond transient absorption spectra of ligand L and complexes Ir-1 — Ir-4 in degassed toluene at zero-time delay after excitation. (b) and (c)
Nanosecond time-resolved transient absorption spectra of complexes Ir-3 and Ir-4 in degassed toluene, respectively. Aoy =355nm, Azss n,m = 0.4 in a 1-cm cuvette.
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Fig. 4. Nonlinear transmission plots of complexes Ir-1 — Ir-4 at the linear
transmittance of 80% in CH,Cl, solutions in a 2-mm cuvette for 532-nm 4.1-ns
laser pulses. The radius of the beam waist at the focal point was approximately
96 um.

these complexes. When the incident fluence increased to 2.7 J/cm?, the
transmission decreased to 0.29, 0.37, 0.40, and 0.58 for complexes Ir-1,
Ir-2, Ir-3 and Ir-4, respectively. The RSA strength of these complexes
followed the trend of Ir-1 > Ir-2 = Ir-3 > Ir-4. The occurrence of RSA
at 532 nm for these complexes is consistent with their positive TA sig-
nals at 532 nm, which implies a stronger excited-state absorption re-
lative to the ground-state absorption, even though the AOD values for
complexes Ir-1 and Ir-2 are very small at this wavelength.

It is known that the ratio of the excited-state absorption cross sec-
tion (0ex) vs. the ground-state absorption cross section (0p) is the critical
parameter that determines the strength of RSA. Unfortunately, the 0.y
values could not be deduced using the commonly used singlet depletion
method because of the influence of stronger ground-state absorption at
532nm (e > 10® Lmol ' ecm ™) in these complexes. Nonetheless, we
still can roughly correlate the observed RSA performance to their
ground-state absorption cross sections obtained from the UV-vis ab-
sorption spectra and the AOD values obtained from the TA spectra at
532 nm. The much stronger RSA of Ir-1 compared to that of Ir-2 should
be mainly attributed to its much weaker ground-state absorption at
532nm (Fig. 1) because the AOD values for these two complexes at
532 nm are quite similar. Weaker ground-state absorption increased the
0.x/ 0y ratio and thus enhanced the RSA of Ir-1. This trend resembled
the trend that we found in Ir(IIll) complexes (piq).Ir(bpy) ™ (transmis-
sion decreased to 0.21) and (dppi).Ir(bpy)* (transmission decreased to
0.30) [24], which contained the same set of C"N ligands as those in Ir-1
and Ir-2, respectively, but a different diimine ligand bpy. However,
comparing the transmittance of Ir-1 to (piq).Ir(bpy)™ and Ir-2 to
(dppi),Ir(bpy) * at the same incident fluence, the RSA of Ir-1 and Ir-2 is
weaker than their corresponding counterpart (piq),Ir(bpy)* and
(dppi).Ir(bpy) *, respectively. This indicates that the RSA of the Ir(III)
complexes based on quqo diimine ligand is lower than that of the bpy-
based Ir(Ill) complexes because benzannulation and incorporation of
the additional N atom on the diimine ligand red-shifted the charge-
transfer absorption bands in Ir-1 and Ir-2 and thus increased the
ground-state absorption at 532 nm.

For Ir-3 and Ir-4, although their AOD values at 532 nm are much
larger compared to those in Ir-1 and Ir-2, the much larger ground-state
absorption cross sections at 532 nm for Ir-3 and Ir-4 counter-played the
excited-state absorption. Consequently, the RSA of Ir-3 and Ir-4 is
weaker than their corresponding counterpart Ir-1 and Ir-2. Between Ir-
3 and Ir-4, the stronger RSA of Ir-3 should be attributed to its much
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stronger excited-state absorption but weaker ground-state absorption at
532 nm compared to those of Ir-4, giving rise to larger o../0o ratio for
Ir-3 than that for Ir-4. Considering the broader and stronger excited-
state absorption at 500 —800 nm and the weak ground-state absorption
at 520—700nm in Ir-3, Ir-3 could potentially be a better broadband
reverse saturable absorber.

4. Conclusions

We synthesized and investigated the photophysical properties and
RSA of four cationic Ir(III) complexes bearing quqo core ligand, which
were designed to improve the triplet excited-state absorption and pro-
long the triplet lifetime while red-shifting the weak charge transfer
ground-state absorption band(s) to longer visible spectral regions. Both
the experimental and TDDFT calculation results indicated that in-
corporation of the s-donating fluorenyl substituent to the quqo diimine
ligand changed the nature of the lowest triplet state transitions of
complexes Ir-3 and Ir-4 to the predominant diimine ligand-based
Sp,ov%/CILCT configurations, which is different from the dominant
3LLCT/3MLCT transitions for T in Ir-1 and Ir-2. Such a change pro-
longed the triplet lifetimes of Ir-3 and Ir-4 and enhanced their excited-
state absorption and emission efficiencies. In contrast, introducing
larger m-conjugated cyclometalating C'N ligand dppi in Ir-2 and Ir-4
had little effect on the nature of their lowest triplet excited states in
comparison to their corresponding counterpart Ir-1 and Ir-3, except for
that the emission spectrum of Ir-2 was red-shifted with respect to that
of Ir-1, and the TA signals of Ir-4 were much weaker than those of Ir-3.
All complexes exhibited reverse saturable absorption at 532 nm for ns
laser pulses, with the RSA strength following the trend of Ir-1 > Ir-2 =
Ir-3 > Ir-4. The strongest RSA of Ir-1 is attributed to its weakest
ground-state absorption at 532 nm compared to the other three com-
plexes. Although the excited-state absorption of Ir-3 and Ir-4 is stronger
than those of Ir-1 and Ir-2 at 532 nm, their much stronger ground-state
absorption counter-played the excited-state absorption and led to re-
duced RSA at 532 nm in Ir-3 and Ir-4 with respect to their counterpart
Ir-1 and Ir-2, respectively. However, considering the longer triplet
lifetimes and broader and stronger triplet excited-state absorption of Ir-
3 and Ir-4 at > 550nm, we anticipate that these two complexes,
especially Ir-3, have the potential to be used as broadband RSA mate-
rials.
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