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Chapter 1

General Introduction



1-1 Electronic States of Iridium(II) Complexes

Iridium(IIT) complexes have six-coordinated octahedral structure with a central Ir(III)
ion which has electron configuration of [Xe]5d®. Figure 1-1 shows the d-orbitals splitting
in the octahedral ligand field. Because the energy gap (A) between the ty; and e orbitals
is significantly large in Ir(Ill) complexes, the tag orbitals are filled with 6 electrons, i.e.
low spin state is favored (Figure 1-2) [1-3].

Electronic transitions of Ir(IIl) complexes involve not only ligand-localized n—n"
transitions but also d—d and metal-to-ligand charge transfer (MLCT) transitions as shown
in Figure 1-2. The d—d transition in the central Ir(IIl) ion is so-called Laporte forbidden,
and thus the absorption probability is extremely small and even if there are lower-lying
d—d excited states, they usually act as an energy-dissipating dark state [4]. In general, the
lowest excited singlet and triplet states of Ir(IIl) complexes have electronic character
which can be represented by mixed n—n" and MLCT states. The contribution of each state
depends on the ligand. The importance of "MLCT (*d—r") components in the T} state can
be predicted by the magnitude of zero-field splitting (ZFS) [5]; significant AE(ZFS)
values are representative of significant °MLCT components in the T state.

Figure 1-3 shows the Jablonski diagram for generic luminophore. Because of the large
spin-orbit coupling constant (£ = 3,909 cm™! [6]) of the central Ir(III) ion, intersystem
crossing of Ir(IIl) complexes occurs very rapidly (< 100 fs [7,8]). As a result, the quantum
yield of intersystem crossing (®@is) becomes close to unity [9]. Hence, the emission of
Ir(IIT) complexes arises almost exclusively from the excited triplet state with character of
3n—n" AMLCT" mixed states; Ir(IIl) complexes exhibit strong phosphorescence even in

room-temperature solutions if the solution is deaerated. Figure 1-4 shows the absorption



and phosphorescence spectra of bis(2-(2'-benzothenyl)pyridinato-N,C*")iridium(11I)
acetylacetonate ((btp):Ir(acac), abbreviated as BTP). The assignment of main absorption
bands is indicated in Figure 1-4 [10]. The absorption band observed at around 486 nm has
been attributed to the transition from the ground state to the first 'MLCT state, while the
emission spectrum which has the peak at around 615 nm is assigned to phosphorescence
as being largely of ligand (btp)-centered triplet m-n* parentage with significant

admixtures of the *"MLCT character (dn(Ir) —m*(btp)) [10].
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Figure 1-1. Splitting of d-orbital levels in the octahedral ligand field.
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Figure 1-2. Electronic transitions of Ir(Ill) complexes. (a) d—d transition, (b) n—m*

transition, and (c) metal-to-ligand charge transfer (MLCT) transition.
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Figure 1-3. Jablonski diagram for generic luminophore. Si, Sz, and S, show the excited
singlet states, and T indicates the excited triplet state. IC and ISC denote the internal

conversion and intersystem crossing, respectively.
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Figure 1-4. Absorption (black and blue lines) and emission (red line) spectra of BTP in
CH3CN at room temperature [10]. Absorption spectra are normalized at the peak

wavelength.



1-2 Applications of Iridium(IIT) Complexes
1-2-1 Organic Light-Emitting Diodes (OLEDs)

Recently, Ir(II) complexes are put into practical use as a new emitting material in
organic light-emitting diodes (OLEDs). In the OLED device, the excited singlet and
triplet excitons are produced with the statistical ratio of 1:3 by charge recombination of
holes and electrons (Figure 1-5). The external quantum efficiency (7ext), 1.€. the number
of photons emitted from the OLED per charge carriers injected into the device, is given

by the following equation:

next :nintnph :ynex¢PL77ph (1_1)

where 7int and 7,n are internal quantum efficiency and light out-coupling efficiency,
respectively, y is the electron-hole charge-balance factor, 7.x is the fraction of total
excitons formed which result in radiative transition, and ¢@eL is the intrinsic quantum
efficiency for radiative decay. Because the excited singlet and triplet excitons are
produced with the statistical ratio of 1:3 as described above, the maximum internal
quantum efficiency (7int) is 25%, as long as fluorescent materials are used. On the other
hand, in the case of phosphorescent materials, intersystem crossing from the excited
singlet state can be utilized, and thus nearly 100% internal quantum efficiency is
theoretically possible.

In 1998, Baldo et al. have reported the first phosphorescent OLED (PHOLED) using
2,3,7,8,12,13,17,18-octaethyl-21H,23 H-porphine platinum(Il) (PtOEP) as an emitting

material [11]. At the standard luminance (100 cd/m?), this PHOLED exhibited the 7jext of



1.3%. Then, they improved the devices, and achieved the 7ext of 2.2 % at 100 cd/m? [12].
In 1999, they have reported a PHOLED using an iridium(III) complex, fac tris(2-
phenylpyridine)iridium(IIl) (fac-Ir(ppy)3) [13]. The device using fac-Ir(ppy)s gave the
Next of 7.5% at 100 cd/m?, suggesting that the 7ine value of fac-Ir(ppy)s is larger than that
of PtOEP. In 2001, nearly 100% 7in¢ has been achieved by Adachi et al. using bis(2-
phenylpyridine) iridium(III) acetylacetonate ((ppy):Ir(acac)) [ 14]. Since these pioneering
works, a large number of Ir(IIl) complexes have been synthesized for OLED devices and
some of them are already in practical use [15]. To improve the efficiency and durability
of OLED devices using Ir(Ill) complexes, it is important to clarify the photophysical and
photochemical properties of Ir(Il) complexes. Especially, it is desired to clarify the
interactions of Ir(III) complexes in the excited states with molecular oxygen, because the
interactions with oxygen result in decrease in emission efficiency and degradation of

material.
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Figure 1-5. Excited singlet and triplet states generated by charge recombination.



1-2-2 Photoredox Catalyst

Organic syntheses utilizing radical reactions have been investigated for a long time. In
these reactions, a toxic radical initiator with equivalent or close amount is generally used
under UV irradiation, although there are problems in view of safety and energy. Recently,
transition metal complexes which have a long lived excited state and absorption in the
visible region have attracted much attention as a photoredox catalyst. Especially, Ru(II)
and Ir(III) complexes are being revealed to have excellent characteristics as photoredox
catalyst [16]. By irradiation of visible light to these complexes, an electron transfer
reaction to substrate molecule is induced to produce highly reactive radical species which
initiate subsequent reaction sequences. In Scheme 1-1, photoredox a-arylation of amines
with 1,4-dicyanobenzene using Ir(ppy); as a photoredox catalyst [16] is shown as an
example of photoredox reactions using transition metal complexes. Here, Ir(ppy)s in the
excited triplet state acts as a reducing agent to produce 1,4-dicyanobenzene anion radical
and Ir(ppy)s cation radical. Then the resultant Ir(ppy)s; cation radical acts as an oxidizing
agent. The initial step of these photoredox reactions is electron transfer reaction from
Ir(IIT) complex in the excited triplet state to substrate molecule. It is, therefore, expected
that the yield of separated radical ions following photoinduced electron transfer is key to
photoredox catalysis. To develop new photoredox catalysts using Ir(III) complexes,
elucidation of the electron transfer reactivities of Ir(IlI) complexes in the excited triplet

state is required.
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Scheme 1-1. Photoredox a-arylation of amines with 1,4-dicyanobenzene using Ir(ppy)s

as a photoredox catalyst [16].
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1-2-3 Biological Oxygen Probe

Iridium(IIT) complexes exhibit strong phosphorescence under deaerated condition at
room temperature as described in Section 1-1. Phosphorescence is spin-forbidden
transition, and the emission lifetime is very long (1—20 ps), which results in significant
quenching by molecular oxygen. Figure 1-6 shows the Jablonski diagram for generic
luminophor involving phosphorescence quenching by molecular oxygen. As shown in
Figure 1-6, one can expect two possible quenching mechanisms leading to the formation
of reactive oxygen species: singlet oxygen ('02) and superoxide anion radical (O3").

Recently, Ir(Ill) complexes have been successfully applied to the luminescence
imaging of hypoxic tumor tissues and the quantification of intracellular oxygen
concentration by utilizing phosphorescence quenching by molecular oxygen [17-22].
Phosphorescence lifetimes in the absence and presence of molecular oxygen ( 2':)) and 7,,

respectively) are expressed as

T, =—— (1-2) and

(1_3):

where k, and kisc' are the phosphorescence rate constant and the rate constant of
intersystem crossing from the T state, kq is the bimolecular quenching rate constant by
02, and [O2] 1s the oxygen concentration. Stern—Volmer equation (eq 1-4) is derived from

eqs 1-2 and 1-3,

11



Z—f(’)=1+qu§ [0,]=1+ K [O,] (1-4),

P
where Ksv (= qug ) is the Stern—Volmer constant that is related to the oxygen
responsiveness. Eq 1-4 indicates that the phosphorescence lifetime depends on oxygen
concentration, and thus [Oz] can be evaluated from 7, if Z'g and kq are determined in
advance. The ideal biological oxygen probe is quenched exclusively by molecular oxygen,
i.e. the emission intensity and lifetime are not affected by intrinsic substances other than
O in cells and tissues. This prompted the author to investigate the phosphorescence
quenching of Ir(IIl) complexes by molecular oxygen and the possibility of photoinduced

electron-transfer reactions with biological substances in living organisms.
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1-3 Characteristic of Singlet Oxygen

Figure 1-7a shows the potential energy curves of the ground state (X’Z, ) and excited
states of molecular oxygen () [23]. The lowest excited state (a'Ag) of O is singlet, and
is generally called singlet oxygen. The molecular oxygen has another low-lying singlet
excited state (b'X.") in addition to the a!A, state. Because the electronic ground state of
the molecular oxygen is X°Z, state, direct excitation to the a'A; and b'Z," states is strictly
forbidden from spin and symmetry selection rules. Therefore, singlet oxygen is usually
produced by energy transfer from an excited triplet molecule (photosensitizer) to the
molecular oxygen in the ground state (Figure 1-6). Figure 1-7b illustrates the energy
levels of the a' Ay and b'X," states together with their spin configurations. Singlet oxygen
exhibits phosphorescence at around 1270 nm arising from the a'A; — X%, transition.
The quantum yield of the a'A; — X3Z,~ emission is known to depend strongly on the kind
of solvent, because the rate of competing nonradiative processes is significantly altered
by the nature of the solvent [24].

Singlet oxygen is well known as one of the reactive oxygen species, and has been
considered as a major cytotoxic species to eukaryotic cells, bacteria and viruses.
Extracellularly generated singlet oxygen has been found to be genotoxic to mammalian
cells. Ultraviolet A (UV-A) exposure to skin is thought to cause skin aging and skin cancer
mainly by singlet oxygen. Optical detection of intracellular and in vivo oxygen usually
utilizes phosphorescence quenching of transition metal complexes, which results in
production of biologically toxic singlet oxygen. It is, therefore, of essential importance to
reveal the quantum efficiency and the fate of singlet oxygen produced by

phosphorescence quenching of transition metal complexes.

14
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Figure 1-7. (a) Potential energy curves of the ground state (X°Z, ) and excited states of

molecular oxygen (O2) [23]. (b) Energy levels of the a'Ag, b'S,", and X3%, states of O»

together with their spin configurations.
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1-4 Purpose of This Study

To rationally develop novel Ir(Ill) complexes which can be used for various
applications such as biological oxygen probe, light-emitting material for OLEDs, and
photoredox catalyst, it is of essential importance to clarify the phosphorescence
quenching mechanisms by molecular oxygen and electron transfer reactivities of Ir(III)
complexes in the excited states. In addition, it is desired to reveal the photophysical
properties of singlet oxygen that is produced as a result of phosphorescence quenching of
transition metal complexes.

In this study, the phosphorescence quenching of neutral and cationic Ir(III) complexes
by aromatic electron acceptors (AEAs: 1,4-dinitrobenzene (DNB), nitrobenzene (NB),
and 1,4-dicyanobenzene (DCB)) was investigated to elucidate photoinduced electron-
transfer (PET) reactivities of Ir(IIl) complexes. Furthermore, with reference to the results
of PET reactions, the phosphorescence quenching mechanisms of Ir(III) complexes by
molecular oxygen were examined.

A new integrating sphere instrument that is applicable to the emission quantum yield
measurements in the visible to near-infrared (NIR) region was developed. By using this
instrument, the absolute phosphorescence quantum yield of singlet oxygen was
determined in various solvents. In addition, the phosphorescence lifetimes of singlet
oxygen in different solvents were measured to evaluate the radiative and nonradiative rate
constants which are associated with the relaxation properties of singlet oxygen produced

in living cells.
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Chapter 2

Phosphorescence Quenching of Neutral and
Cationic Iridium(IIT) Complexes by Molecular
Oxygen and Aromatic Electron Acceptors
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2-1 Introduction

As described in Chapter 1, because iridium(III) complexes have excellent properties
(high emission quantum yield [ 1], absorption of visible light, tunable emission color (blue
to near-infrared) [2,3], and the high oxygen sensitivity), these complexes have received
extensive attention as light-emitting material for organic light-emitting diodes (OLEDs)
[4,5], photoredox catalyst [6—8], and biological oxygen probe [2,9—13]. Although the
importance of Ir(II) complexes has increased in various fields, their photophysical and
photochemical properties, including their electron-transfer reactivity and interactions
with molecular oxygen, have not been fully clarified.

Electronic interactions between excited triplet molecules and molecular oxygen have
been extensively investigated for various aromatic compounds, as exemplified by
biphenyl, naphthalene, anthracene derivatives, and aromatic ketones [14—23]. By taking
the spin-conservation rule into consideration, Gijzeman et al. [22] have proposed a
quenching mechanism of the excited triplet molecules by O2; Garner and Wilkinson [23]
later extended this mechanism to charge-transfer complexes (Scheme 2-1). Because the
spin multiplicity of O> in the ground state is the triplet state, singlet, triplet, and quintet
encounter complexes '(T1°Z) can be generated by diffusional collisions with rate
constants of (1/9)kq, (3/9)ka, and (5/9)kq, respectively, in accordance with the spin-
conservation rule. Here, the quintet complex >(T1°Z) has no direct product channel. The
singlet complex !(T°Z) deactivates through internal conversion (IC) with rate constant
kilcZ +kilcA to produce singlet oxygen (X" or 'A,). The triplet pair *(T:’Z) can also
deactivate to the ground-state pair 3(S¢°Z) via IC, although the rate constant k;z is

expected to be much smaller than kiLZ + kilcA owing to the larger energy gap. Here, the

20



compounds with a relatively-low oxidation potential and high triplet energy are known to
exhibit increased triplet quenching because charge-transfer (CT) channels with the rate
constants 'kcr and ket participate in the deactivation processes. Notably, the relative
importance of noncharge-transfer (nCT) and CT channels depends on the oxidation
potential and triplet energy of the sensitizer in a given solvent. The involvement of
intersystem crossing in the nCT and CT complexes has been hypothesized to affect the
quenching rate and singlet-oxygen yield [14].

The phosphorescence quenching of the electronically excited state of Ir(IIl) complexes
by molecular oxygen has been studied mainly paying attention to singlet-oxygen ('02)
production, i.e., photosensitizers [24—30]. Takizawa et al. have reported that the quantum
yields (®a) of 'O, formation of cationic Ir(Ill) complexes [Ir(ppy)z(phen)” and
Ir(ppy)2(bpy)’, where ppy = 2-phenylpyridine, phen = 1,10-phenanthroline, bpy = 2,2'-
bipyridyl] were very high (0.93 and 0.97 in CH2Cl>-MeOH (9:1)) [29], whereas neutral
complexes with lower oxidation potentials gave smaller ®a values because of a
contribution of CT interaction with Oz. For (ppy):Ir(acac), fac-Ir(ppy)s, and its derivatives,
very high quenching rate constants (greater than 1.0 x 10'° M's™!) have been reported
[28]. In addition, triplet quenching because of the electron transfer to O has been
suggested on the basis of their low oxidation potentials and high triplet energies. Velders
and coworkers [31] have investigated the structure-oxygen quenching relationship using
hemicaged (i.e., with a capping unit) and open (i.e., without a capping unit) ligand
structures.

In this chapter, the phosphorescence quenching of neutral and cationic Ir(III)

complexes (Figure 2-1), which have different oxidation potentials and different triplet

21



energies, by molecular oxygen and aromatic electron acceptors (AEAs) was investigated.
The relationship between the bimolecular quenching rate constant and the Gibbs energy
change of electron-transfer reactions is revealed for both systems to clarify the electron-
transfer reactivity of Ir(IIl) complexes with AEAs and the phosphorescence quenching
mechanism of Ir(Ill) complexes in the excited triplet state by molecular oxygen.
Elucidation of these processes is critically important for the development of novel Ir(III)

complexes.
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study.
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2-2 Experimental Section
2-2-1 Materials

The Ir(III) complexes, (btph).Ir(acac), (btp)2Ir(phen-NHz)", (btq)2Ir(phen-NH»)*, and
(btph)2Ir(phen-NH,)" were synthesized according to the literature [12,32] and
characterized by means of NMR and Mass spectrometry. The other aromatic ligands and
Ir(IIT) complexes were synthesized and characterized according to the methods described
below. All reagents and solvents used in syntheses were purchased from Kanto Chemical,
Wako Pure Chemical, Tokyo Chemical Industries, or Sigma-Aldrich, and were used as
received from suppliers. 'H-NMR spectra were measured with a JINM-AL300 (JEOL) at
300 MHz or a JNM-ECS400 (JEOL) at 400 MHz. Chemical shifts of 'H-NMR were
referenced to tetramethylsilane. The apparent resonance multiplicities s, d, t, g, and m
indicate singlet, doublet, triplet, quartet, and multiplet, respectively. ESI-MS spectra were
recorded using an API 2000 (Applied Biosystem). Elemental analysis was carried out on

a MICRO CORDER JM10 (J-SCIENCE).

Synthetic procedure of aromatic ligands
ppy-4-OCH3

A mixture of phenylboronic acid (467 mg, 3.83 mmol), 2-chloro-4-methoxypyridine
(500 mg, 3.48 mmol), tetrakis(triphenylphosphine)palladium(0) (126 mg, 0.11 mmol),
toluene (15 ml), ethanol (7 ml), and aqueous solution of sodium carbonate (2 mol dm >,
20 ml) was heated at reflux under nitrogen atmosphere for 6 h. After cooling, the reaction
mixture was diluted with an additional 100 ml of water and was extracted with chloroform

(100 ml x 3). The extracted organic layer was dried with anhydrous magnesium sulfate,
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and then the solvent was evaporated under vacuum. The crude product was purified by
silica-gel column chromatography using chloroform : ethyl acetate (9:1 v/v) as eluent.
Yield: 440 mg (68%). '"H NMR (300 MHz, CDCl3) § : 8.527-8.494 (d, 1H), 7.970-7.929
(m, 2H), 7.466—7.461 (m, 1H), 7.447—-7.405 (m, 2H), 7.233—7.225 (d, 1H), 6.789—-6.762

(m, 1H), 3.909 (s, 3H).

ppy-5'-CF3-4-OCH3

A mixture of 3-trifluoromethylphenylboronic acid (727 mg, 3.83 mmol), 2-chloro-4-
methoxypyridine (500 mg, 3.48 mmol), tetrakis(triphenylphosphine)palladium(0) (250
mg, 0.22 mmol), toluene (15 ml), ethanol (7 ml), and aqueous solution of sodium
carbonate (2 mol dm >, 20 ml) was heated at reflux under nitrogen atmosphere for 6 h.
After cooling, the reaction mixture was diluted with an additional 100 ml of water and
was extracted with chloroform (100 ml x 3). The extracted organic layer was dried with
anhydrous magnesium sulfate, and then the solvent was evaporated under vacuum. The
crude product was purified by silica-gel column chromatography using chloroform : ethyl
acetate (19:1 v/v) as eluent. Yield: 590 mg (67%). '"H NMR (300 MHz, CDCls) § :
8.552—-8.532 (d, 1H), 8.232 (s, 1H), 8.147-8.122 (d, 1H), 7.680-7.678 (d, 1H),

7.654-7.606 (t, 1H), 7.256 (s, 1H), 6.844-6.816 (d, 1H), 3.933 (s, 3H).

btp-5-COOELt
btp-5-COOEt was synthesized according to the literature [33]. A mixture of 6-
bromonicotinic acid (4.30 g, 21 mmol), benzo[b]thiophen-2-ylboronic acid (3.59 g, 20

mmol), tetrakis(triphenylphosphine)palladium(0) (1.06 g, 0.92 mmol), toluene (30 ml),
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ethanol (30 ml), and aqueous solution of sodium carbonate (2 mol dm™, 60 ml) was
heated at reflux under nitrogen atmosphere for overnight. After cooling, the reaction
mixture was acidified by adding 12 M HCI, and a white crystal was obtained by suction
filtration. The white solid (3.0 g) was dissolved in ethanol (250 ml), and then concentrated
sulfuric acid (5 ml) was added to the solution. The solution was refluxed at Sh. The
reaction mixture was diluted with an additional 100 ml of water and was extracted with
chloroform (300 ml x 3). The crude product was purified by silica-gel column
chromatography using chloroform as eluent. Yield: 2.5 g (75%). '"H NMR (400 MHz,
CDCI3) 6 : 9.22-9.21 (q, 1H), 8.33—8.31 (dd, 1H), 7.94 (s, 1H), 7.90—-7.81 (m, 3H),

7.40~7.35 (m, 2H), 4.45-4.40 (dd, 2H), 1.44—1.40 (t, 3H).

btq-4-CF3

A mixture of benzo[b]thiophen-2-ylboronic acid (810 mg, 4.55 mmol), 2-chloro-4-
trifluoromethylquinoline (1.0 g, 4.32 mmol), tetrakis(triphenylphosphine)palladium(0)
(150 mg, 0.13 mmol), tetrahydrofuran (30 ml), and aqueous solution of sodium carbonate
(2 mol dm 3, 20 ml) was heated at reflux under nitrogen atmosphere for 5 h. After cooling,
the reaction mixture was diluted with an additional 100 ml of water and was extracted
with chloroform (100 ml x 3). The extracted organic layer was dried with anhydrous
magnesium sulfate, and then the solvent was evaporated under vacuum. The crude
product was purified by silica-gel column chromatography using chloroform as eluent.
Yield: 765 mg (54%). '"H NMR (300 MHz, CDCl3) & : 8.24 (d, 1H), 8.20 (s, 1H),

8.12-8.09 (d, 1H), 8.04 (s, 1H), 7.92-7.79 (m, 3H), 7.67-7.62 (t, 1 H), 7.41-7.37 (m, 2H).
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General synthetic procedure of bis-cyclometalated iridium(III) complex with an
acetylacetonate ligand
Iridium(IIT) complexes with an acetylacetonate ligand were synthesized according to

the literature [32].

(ppy)2Ir(acac)

'H NMR (400 MHz, CDCl3) & : 8.52-8.51 (d, 2H), 7.86—7.84 (d, 2H), 7.75-7.71 (t,
2H), 7.55-7.53 (d, 2H), 7.15-7.12 (t, 2H), 6.82-6.78 (t, 2H), 6.70—6.66 (t, 2H),
6.27-6.25 (d, 2H), 5.21 (s, 1H), 1.78 (s, 6H). ESI-MS calcd for C27H23IrN>O> (M)",

600.14 ; found, 599.8.

(ppy-4-OCHs):Ir(acac)

'H NMR (400 MHz, CDCls) & : 8.29-8.27 (d, 2H), 7.49-7.47 (d, 2H), 7.33-7.32 (d,
2H), 6.80—-6.76 (t, 2H), 6.75—6.72 (m, 2H), 6.70—6.66 (t, 2H), 6.32—6.30 (d, 2H), 5.18 (s,
1H), 4.01 (s, 6H), 1.77 (s, 6H). ESI-MS calcd for C2oH27IrN204 (M)", 660.16 ; found,

660.2.

(ppy-5'-CF3-4-OCHzs):1r(acac)
"H NMR (400 MHz, CDCls) & : 8.27-8.25 (d, 2H), 7.68 (s, 2H), 7.39-7.38 (d, 2H),
6.89 (d, 2H), 6.84—6.82 (m, 2H), 6.41-6.39 (d, 2H), 5.22 (s, 1H), 4.06 (s, 6H), 1.79 (s,

6H). ESI-MS caled for CaHasFelrN2O4 (M), 796.13 ; found, 795.5.
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(btp)21r(acac)
'"H NMR (400 MHz, CDCl3) & : 8.44-8.43 (d, 2H), 7.79-7.75 (t, 2H), 7.64—7.62 (d,
4H), 7.07-7.00 (m, 4H), 6.82-6.78 (t, 2H), 6.21-6.19 (d, 2H), 5.26 (s, 1H), 1.78 (s, 6H).

ESI-MS calcd for C31H23IrN20,S, (M)*, 712.08; found, 711.7.

Synthetic procedure of Flrpic

Aromatic ligand (dfppy; 2-(2,4-difluorophenyl)pyridine, 2.2 mmol) and IrCl3*3H,O
(1.0 mmol) were dissolved in 2-ethoxyethanol (30 ml) and distilled water (10 ml), and
then the solution was heated at reflux for 15 hours. After cooling, the precipitate formed
was filtered to give a chloro-bridged dimer and washed thoroughly with methanol and n-
hexane. The chloro-bridged dimer (0.1 mmol) was dissolved in 2-methoxyethanol (25
ml), then picolinic acid (74 mg, 0.6 mmol) and triethylamine (1 ml) were added. The
solution was refluxed for 3 hours and evaporated to dryness under reduced pressure. The
crude product was purified by silica-gel column chromatography using chloroform as an
eluent. 'H NMR (400 MHz, CDCls) § : 8.75 (m, 1H), 8.34 (m, 1H), 8.27 (d, 2H), 7.95 (t,
1H), 7.78 (m, 3H), 7.42 (m, 2H), 7.19 (t, 1H), 6.97 (t, 1H), 6.48 (t, 1H), 6.40 (t, 1H), 5.83

(d, 1H), 5.57 (d, 1H). ESI-MS calcd for C2sHi6F4IrN3O2 (M)", 695.08; found, 695.5.

Synthetic procedure of Ir(btp);

A mixture of a chloro-bridged dimer of btp (260 mg, 0.20 mmol), btp (130 mg, 0.62
mmol), silver trifluoromethanesulfonate (110 mg, 0.42 mmol), and propanediol (10 ml)
was heated at 180 °C under nitrogen atmosphere for 15 h. After cooling, the reaction

mixture was diluted with an additional 100 ml of water and was extracted with chloroform
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(100 ml x 3). The extracted organic layer was dried with anhydrous magnesium sulfate,
and then the solvent was evaporated under vacuum. The crude product was purified by
silica-gel column chromatography using chloroform as eluent. Yield: 30 mg (9%). 'H
NMR (400 MHz, CDCl3) 6 : 7.75-7.73 (d, 3H), 7.55-7.50 (m, 6H), 7.32—7.31 (d, 3H),
7.10-7.07 (t, 3H), 6.75-6.64 (m, 9H). ESI-MS calcd for C39H24IrN3S3 (M)", 823.08;

found, 822.5.

Synthetic procedure of Ir(btp-5-COOELt)3

Aromatic ligand (btp-5-COOEt, 2.42 g, 8.5 mmol) and IrCl3*3H>0 (1.57 g, 4.0 mmol)
were dissolved in 2-ethoxyethanol (130 ml) and distilled water (40 ml), and then the
solution was heated at 140°C and refluxed for overnight. A mixture of a chloro-bridged
dimer of btp-5-COOEt (796 mg, 0.50 mmol), btp-5-COOELt (427.3 mg, 1.5 mmol), silver
trifluoroacetate (354 mg, 1.60 mmol), and 2-ethoxyethanol (35 ml) was heated at 110°C
under nitrogen atmosphere for 24 h. The crude product was purified by silica-gel column
chromatography using chloroform as eluent and recycling preparative HPLC (JAIL LC-
9225 NEXT). Yield: 560 mg (54%). '"H NMR (400 MHz, DMSO-ds) & : 8.44 (s, 1H), 8.28
(d, 1H), 8.23 (d, 1H), 8.12 (t, 3H), 7.98 (m, 3H), 7.94 (d, 1H), 7.89 (d, 1H), 7.82 (d, 1H),
7.26 (m, 2H), 7.18 (m, 1H), 6.94 (t, 2H), 6.74 (t, 1H), 6.51 (d, 1H), 6.16 (m, 2H),
4.12-3.99 (m, 6H), 1.09 (t, 3H), 0.99 (t, 3H), 0.88 (t, 3H). ESI-MS calcd for

CasH36IrN306S3 (M)*, 1039.14; found, 1038.5.
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General synthetic procedure of cationic iridium(III) complexes with 5-amino-1,10-
phenanthroline ligand
Iridium(IIT) complexes with an 5-amino-1,10-phenanthroline ligand were synthesized

according to the literature [12].

(btq-4-CF3)2Ir(phen-NH2)*

'H NMR (400 MHz, DMSO-d) & : 8.88 (d, 1H), 8.60 (d, 1H), 8.46 (s, 2H), 8.25 (d,
1H), 8.12 (m, 3H), 8.03 (m, 1H), 7.95 (s, 1H), 7.78 (m, 3H), 7.36 (m, 2H), 7.26 (m, 2H),
7.17 (d, 1H), 7.06 (d, 1H), 6.93—6.85 (m, 2H), 6.82—6.76 (m, 4H), 6.42 (m, 2H). ESI-MS

calcd for C48H27F6II'N582 (M-PF6)+, 1044.12; found, 1043.5.

1,4-Dinitrobenzene (DNB, Tokyo Chemical Industries) and 1,4-dicyanobenzene (DCB,
Tokyo Chemical Industries) were purified by vacuum sublimation; nitrobenzene (NB,
Wako Pure Chemical) was purified by distillation under reduced-pressure. Benzophenone
(BP, >99.0%, Tokyo Chemical Industries) was recrystallized from ethanol/water.
Perinaphthenone (PN, 97%, Sigma-Aldrich), which was used as a standard singlet-
oxygen sensitizer, was purified by column chromatography using chloroform/ethyl
acetate (99:1, v/v) as an eluent. Acetonitrile (CH3CN, spectrophotometric grade, >99.7%,
Kanto Chemical) and dehydrated CH3CN (>99.0%, Wako Pure Chemical) were used in
spectral and electrochemical measurements, respectively. These solvents were used
without further purification. 2-Methyltetrahydrofuran (2-MeTHF, >98.0%, Tokyo

Chemical Industries) used for spectral measurements at 77 K was purified by distillation.
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2-2-2 Absorption and Emission Spectra

Absorption spectra were measured by using a UV/vis spectrophotometer (JASCO,
Ubest-V550). Emission spectra were recorded on a spectrofluorimeter (Hitachi, F-7000)
or a photonic multichannel analyzer PMA-11 (Hamamatsu, C7473-46) equipped with a
monochromatized Xe arc lamp. The obtained emission spectrum was corrected for

spectral sensitivity.

2-2-3 Electrochemical Measurements

Cyclic voltammetry measurements were carried out on a HZ-5000 (Hokuto Denko). A
glassy carbon electrode (geometric area 7.06 mm?), a coiled platinum wire, and an Ag
wire were used as the working, counter, and reference electrodes, respectively, and were
purchased from BAS, Inc. A glassy carbon electrode was cleaned using alumina solution
prior to the measurements. Tetrabutylammonium hexafluorophosphate (TBAPFs,
>98.0%, Tokyo Chemical Industries) without further purification was used as a
supporting electrolyte. The concentrations of the TBAPFs and the samples were adjusted
to be 0.1 M and ca.l mM, respectively. The sample solution was bubbled using Ar gas
for ca. 20 min prior to the measurement. The obtained redox potentials were analyzed
with analysis software (Hokuto Denko, HZ5000-ANA), and were corrected using a
ferrocene/ferrocenium (>98.0, Wako Pure Chemical) standard solution.

Spectroelectrochemical measurements were performed with a spectrometer (Ocean
Optics, USB4000). A tungsten-halogen light source (Ocean Optics, LS-1) was used as a
monitoring light. Figure 2-2 shows the schematic diagram of the optical cell used in this

measurement. The optical cell consisted of two indium tin oxide (ITO) sheets and an Ag
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wire which were used as working, counter, and reference electrodes, respectively. The
optical path length of the optical cell was adjusted to be 1-mm using two Teflon sheets.
The concentrations of Ir(Ill) complexes and DCB were adjusted to be 1 and 5 mM,

respectively.
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Figure 2-2. The optical cell used for spectroelectrochemical measurements.

(a) front view and (b) side view.
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2-2-4 Emission Lifetime

Emission lifetime measurements of Ir(IIl) complexes in the absence ( 7,°) and presence
(7p) of aromatic electron acceptors and molecular oxygen in solutions were carried out
using a time-correlated single-photon counting fluorimeter (Edinburgh Analytical
Instruments, FL90OCDT or Hamamatsu, Quantaurus-Tau C11367, see Figure 2-3). A
hydrogen-filled nanosecond flash lamp (pulse width 1.0 ns, frequency: 40 kHz), a light-
emitting diode (365 nm, instrumental response function (IRF): ca. 1.0 ns (FWHM),
frequency: 10 kHz to 1 MHz), or a laser diode (405 nm, pulse width: ca. 60 ns, IRF: 0.71
ns (FWHM), frequency: 10 kHz to 1 MHz) was used as the excitation light source for the
FL900CDT and C11367. The excitation light pulse and the emission from the sample
solution as start and stop pulses, respectively, were detected on a photomultiplier tube
(Hamamatsu, R955 for FL900OCDT and R928 for C11367, respectively). In the
phosphorescence quenching experiments, deconvolution analyses were carried out when

the lifetimes were less than 50 ns.
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Figure 2-3. Schematic of time-correlated single photon counting instrument used for
phosphorescence lifetime measurements. MC: monochromator, P: polarizer, PMT:

photomultiplier tube.

36



2-2-5 Transient Absorption Measurements

Transient absorption measurements were carried out using a nanosecond laser
photolysis system. The block diagram of this system is shown in Figure 2-4. The third
harmonic of a Nd*":YAG laser (355 nm, Spectra Physics, GCR-130, pulse width 5 ns)
and a 150-W Xe flash lamp (Ushio, UXL151D) were used as an excitation light source
and a monitoring light, respectively. The timings between excitation and monitoring
lights were controlled using a digital pulse generator (Stanford Research Systems, model
DG535). After dispersed using a monochromator (Ritu, MC-20N), the transient signals
were recorded on a digitizing oscilloscope (Tektronix, TDS-744, bandwidth 500 MHz,
sample rate 2GS/s) and were fed into a personal computer (NEC, PC9801RA21). Because
the sample solution was excited from the perpendicular direction to the monitoring light,

the optical density of sample solutions was adjusted to be ca. 2.0 at 355 nm.
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Figure 2-4. Nanosecond laser photolysis system. PD: Photodiode, MC: monochromator,

and PMT: Photomultiplier tube.
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2-2-6 Control of Oxygen Concentration

The oxygen/nitrogen mixed gas was used for the oxygen quenching experiments in
CH3CN. The oxygen partial pressure (pO>) in the mixed gas was controlled using a mass-
flow meter consisting of a controller (HORIBA STEC, SEC-V110DM) and a control unit
(HORIBA STEC, PAC-D2). Prior to each measurement, the sample solutions were

bubbled with the mixed gas for ca. 40 min.

2-2-7 Quantum Yield Measurements of Singlet Oxygen Formation and Emission
Lifetime of Singlet Oxygen

In the quantum yield measurements of singlet-oxygen formation (®a), the third
harmonic of a Nd**:YAG laser (355 nm, Tokyo Instruments, LOTIS TII, pulse width 8 ns,
10 Hz) was used as an excitation light source [34]. The emission of singlet oxygen at
1270 nm was detected with an NIR photomultiplier tube (Hamamatsu, R5509-42) cooled
at —80°C. After dispersed using a monochromator (Ritu, MC-10N), the signals from the
photomultiplier tube were recorded on a digitizing oscilloscope (Tektronix, TDS380P,
400 MHz, 2GS/s). The block diagram of this instrument is shown in Figure 2-5. The a'A,
— X®%, emission intensity (/a(Ir)) of singlet oxygen sensitized by Ir(IIl) complexes was
extrapolated to the laser pulse peak and compared to that (/a(PN)) sensitized by
perinaphthenone (PN) in air-saturated CH3CN as a reference sensitizer. Here, the ®a(PN)
value in CH3CN has been reported to be 0.98 [35]. The ®a(Ir) value of each Ir(IlI)
complex was determined according to the following equation

1, (Ir) A(PN)

o = PG ) i

(2_1)9
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where A(Ir) and A(PN) are the absorbance of the Ir(II) complex and PN solutions at 355
nm, respectively.

In the measurements of emission spectra of singlet oxygen (a'A,), the signals from NIR
photomultiplier tube were amplified by five times using a DC-300 MHz amplifier
(Stanford Research Systems, SR445) and processed with a gated photon counter
(Stanford Research Systems, SR400). The signals were averaged over three hundred laser
shots to improve the signal-to-noise ratio and fed to a personal computer. The gate width

and delay time of the gated photon counter were set at 10 ps and 1 or 5 ps, respectively.
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Figure 2-5. The block diagram of experimental setup for time-resolved emission

measurements of Ox(a'Ay).
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2-3 Results and Discussion
2-3-1 Spectral and Electrochemical Properties

Prior to discussing the electron-transfer reactivities and the phosphorescence
quenching mechanisms by molecular oxygen, the excited triplet energies (ET) and the
oxidation potentials (£ ) of the Ir(Ill) complexes used in this study were measured.
Figure 2-6 shows the absorption and emission spectra of all the complexes in nitrogen-
saturated CH3CN at room temperature and in 2-MeTHF at 77K. As described below
(Section 2-3-3), all the complexes exhibited emission lifetimes longer than 1.0 ps under
nitrogen-saturated condition, demonstrating that the emission can be attributed to the
phosphorescence from the lowest excited triplet (T) state. The phosphorescent state of
(ppy)2Ir(acac) has been assigned to the triplet metal-to-ligand charge-transfer CMLCT)
state, whereas the emission of (btp).Ir(acac) has been attributed to *n—n*/*MLCT mixed
state as described in Chapter 1 [36]. As shown in Figure 2-6, with the extension of the n-
conjugated systems of the ligands (ppy < btp < btq < btph), the phosphorescence peak
shifts substantially to the red, indicating stabilization of the excited triplet state. The triplet
energies of these complexes were estimated from the first emission peak in the
phosphorescence spectra measured in 2-MeTHF at 77K. The obtained Et values ranged
from 1.76 to 2.69 eV (Table 2-1).

In order to calculate the Gibbs energy change (AGei) of electron-transfer reaction (see
Section 2-3-2), the cyclic voltammograms of these complexes and aromatic electron
acceptors (AEAs; DNB, NB, and DCB) were measured. As can be seen from Figure 2-7,
the cyclic voltammograms of all the complexes in Ar-saturated CH3CN solution showed

reversible oxidation waves in the range from 0 to 1.2 V vs Ag/AgNOs3. The half-wave
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oxidation potentials (Erléj) were obtained from Figure 2-7 and are summarized in Table
2-1; the E? values vary from 0.76 to 1.30 V vs SCE. As expected on the basis of the
structures, cationic complexes and Flrpic, which possesses ligands with strong electron-
withdrawing fluorine atoms, give higher oxidation potentials. These results indicate that
the HOMO levels of cationic complexes and Flrpic were decreased. Figure 2-8 shows the
cyclic voltammograms of AEAs. The reversible reduction waves were obtained, and the
half-wave reduction potentials ( £/ ) of DNB, NB, and DCB were determined to be —0.68,

—1.14 and —1.61 V vs SCE, respectively.
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Figure 2-6. Absorption and phosphorescence spectra of Ir(Ill) complexes used in this
study in nitrogen-saturated CH3CN at room-temperature (black line) and in 2-MeTHF at
77 K (red line) (Aexc =405 nm). Absorption spectra are normalized at the peak wavelength.
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Figure 2-7. Cyclic voltammograms of Ir(III) complexes used in this study in Ar-saturated

CH3CN in the presence of 0.1-M TBAPFs.
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Figure 2-8. Cyclic voltammograms of DNB, NB, and DCB in Ar-saturated CH3CN in the
presence of 0.1-M TBAPFs.
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max

Table 2-1. Phosphorescence maximum wavelength (lphos ), triplet energy (£T), and

half-wave oxidation potentials ( £"?) of each Ir(III) complex.

Ir(II1) complex Aos/HM? Et/eVe EY?/V vs SCE
(ppy)2lr(acac) 507 +2.45 +0.83
(ppy-4-OCH3):Ir(acac) 499 +2.48 +0.76
(ppy-5'-CF3-4-OCHs).Ir(acac) 487 +2.55 +1.02
(btp)21Ir(acac) 607 +2.04 +0.77
Flrpic 461 +2.69 +1.30
(btph)2Ir(acac) 703 +1.76 +0.85
Ir(btp)s 589 +2.11 +0.80
Ir(btp-5-COOE); 632 +1.96 +0.89
(btp)2Ir(phen-NH»)" 584 +2.12 +1.09
(btq)2Ir(phen-NH»)" 640 +1.94 +1.12
(btph)2Ir(phen-NH»)" 698 +1.78 +1.14
(btq-4-CF3)>Ir(phen-NHz)" 697 +1.78 +1.24

% Recorded in 2-MeTHF at 77 K.
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2-3-2 Electron Transfer Reactivities of Excited Triplet Ir(III) Complexes with
Aromatic Electron Acceptors

In this section, the electron-transfer reactivities of the Ir(IlI) complexes in CH3CN was
investigated using AEAs. The absorption spectra of Ir(III) complexes were not changed
in the presence of AEAs, suggesting that the possibility of the interaction between their
ground states can be neglected. Typical phosphorescence decay curves and the Stern—
Volmer plots of 7,% 7, vs AEA concentrations are shown in Figure 2-9 and Figure 2-10,
respectively. The phosphorescence of these complexes were significantly quenched in the
presence of AEAs, suggesting that the Ir(IlI) complexes in the excited triplet state were
oxidized. The phosphorescence quenching rate constants (kq) obtained from the Stern—
Volmer analyses are listed in Table 2-2. Because the lowest triplet state energies of AEAs
are nearly equal to or greater than those of the complexes used in this study [37],
electronic energy transfer is energetically unfavorable for all of the systems examined.
Therefore, it is considered that the quenching is due to photoinduced electron transfer
(PET) reactions from the Ir(III) complexes in the excited triplet state (*D*) to the electron

acceptors (A), as shown in eq 2-2

k k

e kg
Dr+ A == (Dp*-A) == D A ) —>D T+A (2-2),
—d —el

where k4 and k-4 are the diffusion and the dissociation rate constants, ke and k- are the
electron transfer and back electron-transfer rate constants, and ks is the separation rate
constant, respectively. The overall quenching rate constant (kq) shown in eq 2-3 was

derived by applying the steady-state approximation to eq 2-2:
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i = 2-3).

According to the classical model of the absolute rate theory, kel and k-ci/kel can be written

as the following equations

kg =kge o (2-4) and

ko lk, =e% (2-5),

—el
where kfl , AG:1 , AGel, R, and T are the preexponential factor, the activation Gibbs

energy of electron transfer, the Gibbs energy change for electron transfer, the gas constant,

and temperature, respectively. From eqs 2-4 and 2-5, eq 2-3 can be described as eq 2-6:

k. = Ky (2-6).

1+ k_g ohGa/RT | k_y oAGa /R

k kS

s el

The AG] value can be related to the AGe value by the Agmon—Levine equation [38,39].

AG? =AG, + Afelz(o) 1n(1 + @ A0 /4G (")) (2-7),
n

where AGJ(0) is the reorganizational intrinsic barrier (the Gibbs energy of activation
for AGe = 0).

The Gibbs energy change (AGe) for the electron-transfer reactions from Ir(III)
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complexes in the T state to AEAs can be estimated from the standard Rehm—Weller

treatment [40] as

AGel = E ox (D) — Ered (A) —Er+C (2-8),

where Eox (D), Ered (A), and C are the oxidation potential of the Ir(Ill) complexes, the
reduction potential of the AEAs, and the electrostatic interaction energy (—0.06 and —0.12
eV for neutral and cationic Ir(Ill) complexes, respectively). Table 2-2 shows the
calculated AGe values, along with the kq values.

The Rehm—Weller plots of logkq against AGe for the Ir(II) complex/AEA systems are
shown in Figure 2-11. The fitting curve in Figure 2-11 was calculated using eqs 2-6 and
2-7, where k-a/ks=0.16, k_, /keolz 0.16, =298 K and AG(0)=0.18 eV. As can be seen
from Figure 2-11, the kq values increase with the decrease of AGer and reach a limiting
value when the AGe values are less than approximately —0.8 eV. From the fitting equation,
the limiting kq value (kq) for the Ir(Ill) complex/AEA systems was evaluated to be 2.0 x
10" M !s7! in CH3CN at 298 K. For the Ir(IIl) complex/AEA systems with AGer < —0.8
eV, the phosphorescence quenching of Ir(Ill) complexes takes place at the diffusion-
controlled rate in CH3CN [37]. The similar results for the phosphorescence quenching of

fac-Ir(ppy)s using different quenchers have been reported by Watts et al. [41]
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Figure 2-9. Phosphorescence decay curves of (ppy):Ir(acac) in the presence of DNB in
degassed CH3CN.
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Figure 2-10. Stern—Volmer plots 5,/7, vs AEA concentration for (a) (ppy):Ir(acac), (b)
(btp)2Ir(acac), (c) Flrpic, (d) (btp)2Ir(phen-NH>)", and (e) (btq-4-CF3)2Ir(phen-NH,)".
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Table 2-2. Quenching rate constant (kq) and Gibbs energy change (AGe1) of

electron-transfer reaction for the Ir(Ill) complex/AEA systems.

Ir(IIT) complex Quencher kM5! AGe/eV
(ppy)2Ir(acac) DNB 1.8 x 10 -1.0
Flrpic DNB 1.5 x 100 —-0.77
(btp)a2Ir(acac) DNB 1.5 x 100 —0.65
(ppy)2Ir(acac) NB 1.3 x 10 -0.54
Flrpic NB 6.6 x 10° -0.31
(btp)2Ir(acac) NB 2.3 x10° -0.19
(ppy)2Ir(acac) DCB 9.3 x 108 —-0.070
(btp)2Ir(phen-NH>)* NB 5.9 x 107 —-0.010
(btg-4-CF3)2Ir(phen-NHz)" DNB 3.7 x 107 +0.020
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Figure 2-11. Rehm-Weller plots of logkq vs AGel for the phosphorescence quenching of
Ir(IIT) complexes by AEAs.
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Transient absorption measurements were performed to confirm the occurrence of
electron-transfer reactions from Ir(Ill) complexes to AEAs. If the electron transfer
reactions from the excited triplet Ir(IlI) complexes to AEAs are involved, the cation
radicals of Ir(Ill) complexes and the anion radicals of AEAs will be observed. Figure 2-
12a and 2-12b show the transient absorption spectra of (ppy):Ir(acac) in the absence and
presence of DCB ([DCB] = 3.2 x 107> M) in degassed CH3CN, respectively. The decay
rate of the entire absorption spectrum in Figure 2-12a was accelerated by molecular
oxygen in air-saturated CH3CN; thus, the observed absorption spectrum can be assigned
to the triplet-triplet absorption (TTA) of (ppy)2Ir(acac) in the excited triplet state. Also, in
Figure 2-12b, the spectrum taken at 0.1 ps after laser pulsing is attributable to the TTA of
(ppy)2Ir(acac) because this spectrum has a similar shape with Figure 2-12a. With the
decay of the triplet absorption bands, long-lived absorption bands derived from the
(ppy)2Ir(acac) cation radical and the DCB anion radical appear in the wavelength regions
longer than 470 nm and shorter than 500 nm, respectively. Here, the absorption bands
were assigned by comparing the observed transient absorption spectra with the absorption
spectra of the (ppy)Ir(acac) cation radical and the DCB anion radical, which were
obtained via spectroelectrochemical measurements (see Figures 2-12c and 2-12d).
Because the transient absorption spectrum taken at 1.5 us after laser pulsing (green
spectrum in Figure 2-12b) consists of the absorption spectrum of the (ppy)2Ir(acac) cation
radical (Figures 2-12¢) and that of the DCB anion radical (Figure 2-12d), it can be
confirmed that the (ppy):Ir(acac) cation radical and the DCB anion radical were produced.
The time profile of each transient absorption band is traced in Figure 2-13. As evident in

Figure 2-13, with the decay of the TTA due to (ppy):Ir(acac) in the excited triplet state at
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490 nm, the time profile of the band at 430 nm shows an increase in AOD, indicating
production of the DCB anion radical. As shown at 650 nm, the absorption due to the
(ppy)2Ir(acac) cation radical remains after the disappearance of the triplet absorption. The
transient absorption spectra of (ppy):Ir(acac), (btp):Ir(acac), and Flrpic in the presence of
DNB or NB in degassed CH3CN are shown in Figure 2-14. Here, it is known that DNB
anion radical exhibits the absorption in the wavelength regions of 380-530 and 640-930
nm and NB anion radical gives an absorption band at around 465 nm [42]. In the presence
of DNB, the transient absorption bands arising from each Ir(IIl) complex cation radical
and DNB anion radical were observed. In the presence of NB, the transient absorption
spectrum of cation radical of each Ir(Ill) complex appeared, while that of NB anion
radical was not observed in (ppy):Ir(acac) and (btp):Ir(acac) solutions because the molar
absorption coefficient of NB anion radical might be comparable with or smaller than that
of these complexes in the ground state. In contrast, the transient absorption due to the NB
anion radical was detected at around 465 nm in Flrpic solution. These results indicate the
occurrence of photoinduced electron-transfer (PET) reactions in these systems. The
possible reaction sequence for the electron-transfer reaction between the excited triplet

Ir(IIT) complexes and AEAs can be expressed as shown in Scheme 2-2.
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Wavelength / nm

Figure 2-12. Transient absorption spectra of (ppy):Ir(acac) in the absence and presence
of DCB (3.2 x 107 M) in degassed CH3CN ((a) and (b), respectively), and the absorption
spectra of (c¢) the (ppy):Ir(acac) cation (broken line shows the absorption spectrum of
(ppy)2Ir(acac) in the ground state) and (d) the DCB anion radicals in CH3CN at room

temperature.
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Figure 2-13. Time profiles of (ppy):Ir(acac) in the presence of DCB (black line: Amon =
490 nm; red line: Amon = 650 nm; blue line: Amon =430 nm) in degassed CH3CN.
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Figure 2-14. Transient absorption spectra of (ppy):Ir(acac), (btp):Ir(acac), and Flrpic in
the absence and presence of AEAs in degassed CH3CN, and the absorption spectra of
cation radical of each Ir(IIl) complex (broken line shows the absorption spectra of each

Ir(IIT) complex in the ground state).
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Scheme 2-2. Reaction sequence involving electron transfer between the excited triplet

Ir(IIT) complex and aromatic electron acceptor.
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To reveal the separation yield (¢ep) of the radical ion pairs produced by electron
transfer to free radical ions, the quantum yield (®raq) of anion radical formation of Ir(III)

complex/DNB systems in degassed CH3CN was calculated from transient absorption

DNB*~
rad

measurements. First, the DNB anion radical yields ( ® ) were determined by
measuring the transient absorption of DNB™ at 840 nm in the presence of different
concentrations of DNB according to the following equation

DNB*~
DNB™ __ AOD840nm

rad o
DNB
Iy X Eq40mm

(2_9):

where AODg>  Ip,and £2N%  are the absorbance change of the DNB anion radical

at 840 nm, the photon flux absorbed by Ir(Ill) complex, and the molar absorption

coefficient of the DNB anion radical at 840 nm ( ¢2)% = 12,000 M 'em™) [43],

840 nm

respectively; fo was determined using benzophenone (BP) in CH3CN as an actinometer.
Because the transient absorption at 840 nm included, in part, the absorption of each Ir(III)
complex cation radical, AODZN"  was corrected using the absorption spectra of each

Ir(IIT) complex cation radical shown in Figure 2-14.

DNB*~
rad

Figure 2-15 shows the plots of @ against the DNB concentration for the Ir(III)

complex/DNB systems. The ®°\*" value was expressed the following equation:

rad

O, xk [DNB]x@, x@,
_ isc q[ ] fel — ¢sep (2_10)
k,[DNBJ+(z°)

DNB*~
rad

In this equation, ®is is the quantum yield of intersystem crossing of Ir(Ill) complex,
which is assumed to be unity [44], kq is the phosphorescence quenching rate constant of
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Ir(IIT) complex by DNB, ¢ is the yield of electron transfer in the quenching processes
by DNB, and rs is the phosphorescence lifetime of each Ir(II) complex under the
degassed condition, respectively. Because the electron transfer is presumed to be the
dominant quenching mechanism, the ¢ value can be assumed to be unity. The plots in
Figure 2-15 were fitted to eq 2-10 to give the solid curves with a ¢ep value of 0.12, 0.10,
and 0.17 for (ppy):Ir(acac)/DNB, (btp):Ir(acac)/DNB, and FIrpic/DNB systems,
respectively. Here the electron transfer from the triplet Ir(III) complexes to DNB produces
triplet radical ion pair. Because the recombination reaction in the triplet radical ion pair
is spin-forbidden, the ¢p is expected to be close to unity. However, these systems gave
significantly small ¢, values, suggesting the presence of fast recombination reactions.
The fast back-electron transfer in the triplet radical ion pair was attributed to enhanced
spin—orbit coupling due to the central Ir(Il) ion that facilitates spin inversion from the
triplet to the singlet radical ion pair. Similar observations have been reported by Olmsted

et al. [45] for the PET reactions of Ru(II) and Os(II) complexes and methylviologen.

62



a
(a) K
\ 0.1f
‘=
zZs
=]
s
% 2 4
[DNB]/ 10 M
(b)
! 0.1
Z3
=]
5
0% 5 10
[DNB] /10 M
0.2 . .
(c) @
|
2 0af /°
1}
% 2 4

[DNB]/10°* M

DNB*~
rad

Figure 2-15. Plots of quantum yield (® ) vs DNB concentrations obtained for the (a)
(ppy):Ir(acac)/DNB, (b) (btp):Ir(acac)/DNB, and (c) Flrpic/DNB systems in degassed

CH3CN. The solid line represents a fitting curve based on eq 2-10.
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2-3-3 Phosphorescence Quenching of Ir(IIT) Complexes by Molecular Oxygen

In this section, the phosphorescence quenching mechanisms of Ir(III) complexes by
molecular oxygen in CH3CN were investigated. As shown in Figure 2-16, Stern—Volmer
plots of the Tg /7, vs oxygen concentrations for all the complexes in CH3CN showed
linear relationships. The kq values calculated from the slope of Figure 2-16 are
summarized in Table 2-3. The kq values vary from 1.4 x 10° to 2.0 x 10'° M Is!,
depending on the reactivity of the excited triplet Ir(IlT) complexes with the ground-state
molecular oxygen, O2(X>Z, ). The phosphorescence lifetimes (Ts and Tsjr ) of all the
complexes under nitrogen-saturated and air-saturated conditions are also shown in Table
2-3.

The quantum yield (®a) of singlet oxygen Oa(a'A,) formation following the
phosphorescence quenching of Ir(IIl) complexes by O2(X*%,) in air-saturated CH;CN
was determined by measuring the emission intensity (/a(Ir)) of the O»(a ]Ag ) at 1270 nm.
Figure 2-17 shows the emission spectrum arising from the a'A (V=0)— X3z (v'=0)
transition of singlet oxygen in the presence of Flrpic as a photosensitizer in air-saturated
CH3CN, and the obtained ®a values are summarized in Table 2-3. Under triplet
sensitization, ®a is expressed as the product of the quantum yield of intersystem crossing
(Dise) for Ir(IIT) complexes, the fraction (P 10,) Of the excited triplet state quenched by
molecular oxygen, and the fraction ( f,) leading to formation of 'O, in the oxygen

quenching of Ir(IIl) complexes in air-saturated CH3CN,

D, =0, PT,o2 fa (2-11),
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air

where PT,OZ is obtained using the phosphorescence lifetime (7, ) of the air-saturated
solution as 1 — Tsjr / T](: . Because ®@jsc for Ir(IlI) complexes can be assumed to be unity
[44],the f, values can be calculated from eq 2-11. The obtained f, values vary in the
range from 0.40 to 0.97 (Table 2-3).

The Gibbs energy change (AGe) for the electron-transfer reaction from Ir(III)
complexes to molecular oxygen was calculated using eq 2-8 in Section 2-3-2. Here, the
reduction potential of O2 (—=0.87 V vs SCE) was evaluated by comparting the cyclic
voltammograms obtained under air-saturated and Ar-saturated conditions (Figure 2-18).
The calculated AGe values are listed in Table 2-3, along with the &q values; the kq values
for the Ir(IIT) complex/O; systems are plotted against AGer in Figure 2-19 (green open
circle), together with those of the Ir(IIl) complex/AEA systems and the f, values. The
fitting curve (green line) in Figure 2-19 was calculated according to eqs 2-6 and 2-7 in
Section 2-3-2 using k-a/ks = 0.16, k_ /keol: 0.16, =298 K, and AGJ(0)=0.22 eV as
fitting parameters. Here, the limiting kq value was evaluated to be 2.5 x 10! M !s™! The
kq values for Ir(II) complex/O; systems tend to decrease with increasing AGe and exhibit
an inverse relationship with the f, values. This result indicates the involvement of
electron transfer in the phosphorescence quenching of Ir(Ill) complexes by molecular
oxygen. Therefore, the time profile of transient absorption for (ppy):Ir(acac) at 490 nm,
which exhibits a large negative AGe in air-saturated CH3CN, was measured (Figure 2-
20). However, the long-lived component due to the (ppy):Ir(acac) cation radical was not
observed, which suggests that the phosphorescence quenching of Ir(IIl) complexes by
molecular oxygen proceeds through a CT interaction, as has been hypothesized for some

aromatic hydrocarbons [46].
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Figure 2-16. Stern—Volmer plots for the 2'3 /7, vs oxygen concentration in CH;CN.
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Figure 2-17. Emission spectrum of the a'A . v =0)— X3Z;; (v/ = 0) transition of

molecular oxygen in the presence of Flrpic as a photosensitizer in air-saturated CH3CN.
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Table 2-3. Quenching rate constant (kq) of Ir(III) complex in the excited triplet state by molecular oxygen, Gibbs energy change (AGe) for

the PET reaction, the quantum yield (®a) of !0, formation, the fraction (P, ) of the excited triplet state quenched by molecular oxygen,

and the fraction (fa) leading to formation of 'O» in the oxygen quenching of Ir(III) complexes in air-saturated CH3CN.

Ir(I1T) complex colus e T /us? k100 M s /lofls\}l J AGe/eV D,° Pro, N
(ppy-4-OCHs)aIr(acac) 1.15 0.025 20 23 091 039 098 040
(ppy)aIr(acac) 1.73 0.026 20 3.5 —0.81 039 098 040
(ppy-5'-CF3-4-OCHz)alr(acac) 1.14 0.034 15 1.7 ~0.72 051 097 053
Flrpic 1.74 0.044 12 2.1 —0.58 0.64 0.97 0.66
Ir(btp)3 8.51 0.083 6.2 5.2 —0.50 0.59 0.99 0.60
(btp)aIr(acac) 5.26 0.081 6.3 33 —0.46 059 098 0.0
(btp)sIr(phen-NH,)* 6.11 0.204 2.4 15 ~0.28 062 097  0.64
Ir(btp-5-COOQOEY); 6.58 0.111 4.6 3.0 —0.26 0.64 0.98 0.65
(btph)zTr(acac) 1.97 0.231 2.1 0.42 ~0.10 085 088 097
(btq):Ir(phen-NH,)* 4.98 0.279 1.8 0.88 0070 077 094 082
(btph)2Tr(phen-NH,)* 231 0.331 1.4 0.32 +0.11 079 086 092
(btq-4-CF3)Ir(phen-NHz)* 125 0.223 1.9 0.24 +0.21 0.72 08 088

“ Recorded under nitrogen-saturated conditions. ” Recorded under air-saturated conditions. ¢ Uncertainties +5%. / K, =k, x 7,
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Figure 2-18. Cyclic voltammograms of Oz in CH3CN under air-saturated
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Figure 2-19. Rehm—Weller plots of the phosphorescence quenching of Ir(IIl) complexes
by AEAs (black closed circle) and molecular oxygen (green open circle), and plots of fa
vs AGel. The square and triangle symbols show the data for Ir(bpy)s;*>* from refs. [27] and
[25], respectively. The broken lines indicate (a) logkq, (b) log(4/9)k4, and (c) log(1/9)kq
for Ir(I1T) complex/Ox system (ka = 4.1 x 101" M~Is71),
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Figure 2-20. Time profile of (ppy)aIr(acac) in air-saturated CH3CN (4, = 490 nm).
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Here, the relation between the observed quenching rate constants (kq) and the diffusion-
controlled rate constant (kq) is considered to reveal the phosphorescence quenching
mechanism by molecular oxygen. According to the Smoluchowski equation [47], the
diffusion-controlled rate constant for bimolecular reactions between molecules A and B

can be expressed as

ka =41 Na(Da + Dg)(ra+ rB) (2-12),

where Na is Avogadro’s constant, Da and ra are the diffusion coefficient and molecular
radius of molecule A, and Dp and rg are those of molecule B, respectively. Here,
(ppy):Ir(acac) was chosen as a representative Ir(IlI) complex in Figure 2-1 because the
related data are available. The molecular radii of (ppy):Ir(acac) and DNB were estimated
from their X-ray diffraction data to be 5.75 A [32] and 3.57 A [48], respectively. Here,
the distance between the central Ir(Ill) ion and the H atom of 5'-position in the phenyl
ring and that from the center of benzene ring to the O atom of the nitro group were taken
as the molecular radii of (ppy):Ir(acac) and DNB, respectively. The diffusion coefficient
of DNB in CH3CN has been reported as 1.68 x 10° m?s™! [49], whereas that of
(ppy)2Ir(acac) has not been reported. Hence, the diffusion coefficient (2.8 x 10710 m?s™!
in CH2Cl, [50]) of fac-Ir(ppy)s was used in substitution for that of (ppy):Ir(acac). The
diffusion coefficient of fac-Ir(ppy)s in CH3CN was approximated to be 3.6 x 1071 m?s™!
by using the viscosity of CH2Cl> (0.449 mPa s) and CH3CN (0.345 mPa s) [37]. The
values of the diffusion coefficient and radius for molecular oxygen in CH3CN have been

reported to be 7.12 x 10 m?s™! [51] and 1.50 A [52], respectively. By substituting the

values for the diffusion coefficient and radius into eq 2-12, the kq value for the Ir(III)
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! which was consistent with the

complex/O; system was calculated to be 4.1 x 101 M !s~
reported value for the oxygen quenching of excited triplet aromatic hydrocarbons [46].

The logarithm of the calculated kq value for the Ir(IIT) complex/O, system is plotted by
the gray broken line in Figure 2-19, along with log(4/9kq) and log(1/9%4). As shown in
Figure 2-19, the log kq value for the Ir(III) complex/O; system is much larger than that
for the Ir(IIl) complex/AEA systems because of the much larger diffusion coefficient of
O, compared to those of AEAs. Also the different AGel dependences were observed for
the kq values of the Ir(IIl) complex/AEA and the Ir(IIl) complex/O> systems. For the
systems with AGer < —0.2 eV, the log kq values of both systems give similar AGe
dependences, even though the Ir(IIl) complex/O; systems show slightly smaller log kq
values, which suggests a larger reorganization energy arising from the small molecular
size of Oz. Actually, the fitting curve (green line) for the Ir(IlI) complex/O2 system gave
a larger AGJ(0)(0.22 eV) compared to that for the Ir(III) complex/AEA system (0.18
eV). The Ir(Ill) complex/O, systems with AGe 2 —0.2 eV show more prominent
quenching compared with the Ir(IIl) complex/AEA systems because of the involvement
of energy transfer (internal conversion) leading to the formation of 'O», although the kq
values are less than (1/9)k4. Here, the kq values of Ir(bpy)s>* reported by Demas et al. [25]
and Abdel-Shafi et al. [27] were smaller than those for the other Ir(III) complexes. This
is probably due to the fact that Ir(bpy)s;** has a higher triplet energy compared with the
other Ir(III) complexes.

In Scheme 2-1 in Section 2-1, intersystem crossing between encounter complexes with
different multiplicity ™(T:°Z) (m = 1, 3, 5) is expected to be slow compared to complex

dissociation or deactivation [53], and the CT rate constants ("kct (m = 1 and 3)) of the
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complexes with AGe; < —0.1 eV are evaluated to be much larger than the reverse CT rate
constants ("k-ct (m = 1 and 3)) from the relation ™kc1/™k-ct = exp(—AGe/RT) for full-
electron transfer at 298 K. Hence, ™k—ct can be neglected, and application of the steady-
state approximation to the singlet, triplet, and quintet encounter pairs 3(T; ’%) in

Scheme 2-1 results in derivation of the equations for kq and f,

1 3k
ky =k, 1 k? +l > (2-13) and
9k +'ky 3k +k,
k 'k 1
/s :?d[k E ]k_ e
—d D q

where 'k, :kilcE -I-kiICA+1kCT and k, =k;2+3kCT. Eqgs 2-13 and 2-14 predict that, in
highly exothermic electron transfer systems, CT processes become predominant and the
maximum kq value and the f, value are expected to be (4/9)ka and 0.25, respectively.
However, the limiting kq values for the systems with AGe; < —0.8 eV exceeded 4/9k4, and
the f, values (0.40) were larger than 0.25 (Table 2-3). These results suggest that
intersystem crossing between singlet, triplet, and quintet CT complexes cannot be
neglected and that singlet-oxygen formation through the CT complexes is involved. CT
interactions of O with hydrocarbons have been reported to lead to an increase of spin—
orbit coupling and to enhanced mixing of states of different multiplicities [54,55]. In
addition, the strong heavy-atom effect of the central Ir(IIl) ion can accelerate the spin

inversion, as observed for the Ir(Ill) complex/AEA systems. On the basis of these

considerations, the phosphorescence quenching mechanism of Ir(Ill) complexes by
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molecular oxygen can be proposed as shown in Schemes 2-3 and 2-4, where kinetic
schemes based on the energy-state diagrams for (btq-4-CF3)2Ir(phen-NH)" and Flrpic are
depicted as examples for the systems with endothermic and exothermic AGe, respectively.
Figure 2-21 shows the energy-state diagram of encounter complex ™(T;°Z), full electron-
transfer complex ™(M*02"), and precursor complexes '(So'2), (So'A), and 3(So*T) for all
Ir(IIT) complex/O; systems. It can be seen from Figure 2-21 that the Gibbs energy changes

for electron transfer vary significantly depending on the energies of ™(T;*X) and (M O,").
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Scheme 2-3. Phosphorescence quenching pathways of Ir(Ill) complex/O> systems with
AGe 2 —0.2 eV. Relative energies of ™(T1’Z) (m=1,3,5), '(So'Z), and !(So'A) against
3(S0°%) for (btq-4-CF3),Ir(phen-NH,)" are depicted along with the principal deactivation
processes.
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Scheme 2-4. Phosphorescence quenching pathways of Ir(IIl) complex/O; systems with
AGe < —0.2 eV. Relative energies of ™(T1’Z) (m=1,3,5), '(So'Z), and !(S¢'A) against
3(So’X) for Flrpic are depicted along with the principal deactivation processes.
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Figure 2-21. The energy state diagram of encounter complex ™(T°%) (m=1, 3, 5), full electron-transfer complex ™(M*O,"), and precursor
complexes '(So'), 1(So'A), and *(S¢*Z) for all the Ir(IIT) complex/O; systems. 1: (ppy-4-OCHs)aIr(acac), 2: (ppy)Ir(acac), 3: (ppy-5'-CFs-
4-OCHs)aIr(acac), 4: Flrpic, 5: Ir(btp)s, 6: (btp)2Ir(acac), 7: (btp)2Ir(phen-NHz)", 8: Ir(btp-5-COOEL)3, 9: (btph).Ir(acac), 10: (btq)2Ir(phen-
NH>)", 11: (btph)2Ir(phen-NH>)", 12: (btq-4-CF3)2Ir(phen-NH>)".
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For the systems with AGa > —0.1 eV, 'k and k. are considered to be negligibly
small compared to (k_, + k,” + k) and (k_, + k.*); therefore, the following equations
can be derived from eqs 2-13 and 2-14 for the internal conversion rate constants of singlet

and triplet channels (kilcz + kilcA and kizz ):

T (2-15) and
—da
k)t = fli[‘; (2-16).

where a=(9/k)k, f, and b=(3/ky)k (- f,)- According to the Eigen equation [56],
the k-4 value was evaluated to be 4.3 x 10! M"'s™!. Thus, the magnitude of the internal
conversion rate constants can be estimated by substituting the values of kq, kq, and [

into eqs 2-15 and 2-16, respectively. The calculated kilcE +kilcA and kizz values for
(btph)2Ir(phen-NH2)" were 1.6 x 10'° s7! and 3.5 x 10® s7!, and those for (btq-4-
CF3)2Ir(phen-NHa)" were 2.5 x 10'° s and 7.3 x 10% s7!, respectively. Kawaoka et al.

proposed the expression for a theoretical internal conversion rate constant for excited

sensitizer—oxygen complexes as eq 2-17 [57]:

k, = 27” B Ep(AE) (2-17),

where f, F, and p(AE) are the electronic coupling matrix element, the Franck—Condon
factor, and the density of final states with the excess energy AE. According to eq 2-17,
the fast internal conversion of these complexes is attributable to the large Franck—Condon
factor resulting from the extremely small energy gap (0.15 eV) between the T; state of

these complexes and the ', state of molecular oxygen. Similar calculations were also
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performed for (btph)lr(acac), (btq):Ir(phen-NHz)*, and Ir(bpy)s**. The k. +k.>
values of (btph)Ir(acac) and (btq)2Ir(phen-NH,)* were evaluated to be 3.5 x 10'° s and
2.0 x 10" s7!, and the calculated k;z values were 2.0 x 10% s7! and 1.0 x 10° s7/,
respectively. The phosphorescence quenching rate constant of Ir(bpy);** by molecular
oxygen has been reported by Abdel-Shafi et al. [27] and Demas et al. [25] to be 1.5 x 10®
M s and 3.4 x 108 M !s7!, respectively; the value of f, has been reported to be 1.0
[27]. On the basis of these data, k.* +k,> of Ir(bpy):*" was calculated to be 1.5 x 10°
s"'and 3.4 x 10° 57!, The obtained IC rate constants are summarized in Table 2-4, together
with the energy differences AE between the excited triplet state of the Ir(Ill) complexes
and the 'X,", A, and 3T, states of molecular oxygen. Figure 2-22 shows plots of log(kic)
vs the triplet energy (ET) of the Ir(Ill) complexes. The energy-gap dependence of
log( kilcE + kich) is consistent with eq 2-17, which predicts that the IC rate increases with
decreasing excess energy AE. Demas et al. [25] attributed the unexpectedly small kq value
of Ir(bpy)s®* to the large charges on the complexes; these charges give tight solvation
spheres that retard penetration of O2 to an effective quenching distance. The results in this
study suggest that a rational explanation can also be made on the basis of the energy gap
dependence of the internal conversion. In contrast with log( kilcE + kich ), the magnitude of
log( kizz) exhibits a less clear but opposite AE dependence. This result suggests that the
contribution of CT quenching cannot be neglected in deactivation of the triplet encounter

pair 3(T13Z).
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Table 2-4. Energy difference AE (eV) between the Ty state of Ir(III) complexes and 'Z,", 'Ay, and *Z, states of molecular

oxygen, and the internal conversion rate constants (kilcZ + kich and kizz ) of Ir(III) complex/O; systems in CH3CN.

Ir(I1I) complex AE(T1,'Sgh) AE(T1,'Ag) kE+k2/10070  AE(TIS) k.F/108 57!
(btph)zIr(acac) +0.13 +0.78 3.5 +1.76 2.0
(btq)2Ir(phen-NHz)* +0.31 +0.96 2.0 +1.94 10
(btph)2Ir(phen-NHa)* +0.15 +0.80 1.6 +1.78 3.5
(btq-4-CF3)2Ir(phen-NHa)* +0.15 +0.80 2.5 +1.78 73
Ir(bpy)s** @ +0.92 +1.57 0.15 +2.55 —
Ir(bpy)s*** +0.92 +1.57 0.34 +2.55 —

“Ref. [27]. ? Ref. [ 25].
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Figure 2-22. Plots of log( kilc2 + kich) (open circle) and log( kizz) (closed circle) vs triplet
energy (Et) of (btph)alr(acac), (btq)2Ir(phen-NH,)", (btph).Ir(phen-NH>)", and (btq-4-
CF3):Ir(phen-NH,)*. The open-square and open-triangle symbols denote log'kp

calculated for Ir(bpy)s** using the data in refs. [27] and [25], respectively.
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2-3-4 Comparison with Phosphorescence Quenching of Ru(II) Complexes by
Molecular Oxygen

Ru(II) complexes have a similar electronic structure with the Ir(IIl) complexes, i.e., d®
electronic structure. Hence, the comparison of the electronic interactions of Ru(Il) and
Ir(IIT) complexes with molecular oxygen is of great interest. Abdel-Shafi et al. have
reported the phosphorescence quenching of some Ru(Il) complexes by molecular oxygen
and photosensitized generation of singlet oxygen [27,58—61]. Most of the Ru(Il)
complexes studied so far are cationic, and the Gibbs energy changes for electron transfer
reactions with molecular oxygen are slightly negative or positive (—0.20 < AGe < 0.20
eV) as shown in Figure 2-23. As a result, Ru(Il) complex/O; systems exhibit much
smaller kq values compared with the Ir(Ill) complexes with AGe < —0.50 eV; the
deactivation of encounter complexes of Ru(Il) complex/O; systems in the excited state is
considered to be mainly due to internal conversion and the contribution of CT processes
to phosphorescence quenching will be negligibly small. As can be seen from Figure 2-23,
the AGel and kq values of Ir(IIl) complexes extend over a much wider range as compared
with those of Ru(Il) complexes. Since the Ir(I1I) complexes with a negatively large AGe
can act as a strong reducing agent in the excited triplet state, they are favorable for

photoredox catalyst.
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Figure 2-23. Rehm-Weller plots of logkq vs AGer for Ir(Ill) and Ru(Il) complexes/O2
systems (green circle and blue circle, respectively) [27,58—61]. The dotted lines show (a)
logky, (b) log(4/9k4), and (c) log(1/9%q).
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2-3-5 Application of Ir(IIT) Complexes to Biological Oxygen Probes

As described in Chapter 1, Ir(III) complexes are useful as a biological oxygen probe,
because their phosphorescence intensity and lifetime vary significantly depending on the
ambient oxygen concentration [2,9—13]. Not only measurements of intracellular oxygen
levels but also the tissue oxygen status of a specific organ can be evaluated by measuring
the phosphorescence lifetime of Ir(Ill) complexes delivered into biological targets. A
rational design is desired for the development of optimum probes for intracellular and
tissue oxygen measurements. One of the most important photophysical properties
required for biological oxygen probes is a good sensitivity to oxygen. The oxygen
sensitivity can be evaluated by the Stern—Volmer constant (Ksy) which is the product of
the phosphorescence quenching rate constant (kq) by molecular oxygen and the intrinsic
lifetime (2'}? ) of the excited triplet Ir(III) complexes. As shown in Table 2-3 in Section 2-
3-3, the Ir(Ill) complex/O> systems with a negatively-large AGel value give a larger Ky
because of the contribution of CT quenching. These complexes tend to give lower
favalues, i.e., lower singlet-oxygen production yields, which is favorable for decreasing
damage to biological targets.

In order to use Ir(IIl) complexes as biological oxygen probes, the phosphorescence
quenching by endogenous biological substances other than molecular oxygen must be
avoided. The results of the present study show that electron transfer quenching is possible
if excited triplet Ir(IIl) complexes interact with biological substances with electron-
accepting ability being equal to or higher than molecular oxygen. For example, riboflavin
and ubiquinone-10 have relatively-high electron-accepting ability (Ered = —0.80 V [62]

and —0.602 V [63] vs SCE in CH3CN, respectively). Although the possibility of electron
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transfer quenching will depend on the localization of probe complexes in living cells and
the concentration of quenchers, consideration of the contribution of electron transfer
quenching due to biological substances will be necessary. To avoid electron transfer
reactions between Ir(Ill) complexes and endogenous biological substances, Ir(III)
complexes with higher oxidation potentials and lower triplet energies are favorable as
biological oxygen probes. Although the cationic Ir(IIl) complexes, (btq):Ir(phen-NH»)",
(btph)2Ir(phen-NH,)", and (btq-4-CFs):Ir(phen-NH2)" have relatively-low oxygen
sensitivities among the compounds listed in Table 2-3, these complexes show the NIR
phosphorescence, which is beneficial for tissue oxygen measurements; in addition, these
complexes exhibit lower electron-transfer reactivities, which inhibits electron transfer

quenching by biological substances.
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2-4 Conclusions

Using a series of neutral and cationic Ir(Ill) complexes with different oxidation
potentials and triplet energies, the relationship between the phosphorescence quenching
rate constant (kq) and the Gibbs energy change (AGei) of electron transfer for the Ir(III)
complex/AEAs (DNB, NB, and DCB) and Ir(IIT) complex/O> systems were elucidated.
Electron transfer reactions between Ir(IlI) complexes and AEAs were confirmed by the
transient absorption spectra of the product radical ions. The separation yields of the
radical ion pair in Ir(Ill) complex/DNB systems were observed to be 0.10-0.17. The
significantly small separation yields were attributable to efficient recombination reaction
in the radical ion pair, which might originate from heavy-atom effects of the central Ir(III)
ion. For the Ir(IlT) complex/O2 systems with AGe1 < —0.2 eV, the logky exhibited a similar
AGe dependence as the Ir(IlI) complex/AEA systems, suggesting the contribution of
electron transfer. However, in these systems, the kq values were slightly smaller than those
of the AEA systems, and the transient absorption arising from the radical cation product
was not observed in the (ppy):Ir(acac)/O; system with AGe = —0.81 eV. These results
suggested that the phosphorescence quenching of Ir(III) complexes by molecular oxygen
occurs through a CT channel with a relatively-large reorganization energy arising from
the small molecular size of O2. The AGe dependences of kq and fa (the efficiency of
singlet-oxygen production from triplet states quenched by molecular oxygen) suggested
that the phosphorescence quenching of Ir(II) complexes by molecular oxygen proceeds
by two competing pathways: an nCT channel, where the rate conforms to the energy-gap
law, and a CT channel, where the rate is dominated by AGe1. The diffusion-controlled rate

constant (kq) for the Ir(IIT) complex/O, systems was calculated to be 4.1 x 10'* M !s7!,
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For the systems with AGe < —0.8 eV, the limiting kq value was 2.5 x 10! M~'s™!, which
is somewhat larger than (4/9)kq, and the fa values were greater than 0.25, suggesting the
involvement of singlet-oxygen formation through the triplet or quintet CT complex. For
the systems with AGe 2 —0.2 eV, the kq values were less than (1/9)kq and the fa values
were close to unity (0.82—0.97). These results demonstrate that the nCT channels through

the singlet encounter complex are the main deactivation route.
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Appendix 2-1 Kinetics of Photoinduced Electron-Transfer Reaction
The reaction sequence of photoinduced electron-transfer reactions from the excited

donor molecules (D*) to the electron acceptors (A) can be expressed as.

k :
3D*+A —d> (3D*...A)—el> (D +..

—d —el

.k - .
‘A )——D +A

Scheme A-1
where (D*...A), (D*"...A*"),and D*" + A" are the encounter complex, the radical
ion pair, and the free radical ions, kq and k-4 are the diffusion rate constant and the
dissociation rate constant, ke and k-e are the electron transfer and back electron-transfer
rate constants, and ks is the separation rate constant, respectively.
By applying the steady-state approximation for the encounter complex and radical ion

pair (egs A-1 and A-2), eq A-3 can be derived.

d(D"...A)] _

% kD [A]l-(k 4 +k)I(D"...A)]+k 4[(D"...A)]=0 (A-1)

D™ .. A")] =k, [(D"...A)]-(k

@ g TEIIDT..LAT)]=0 (A-2) and

(kg +k,)

—el

[(D*...A)] = [(D™...A")] (A-3).

el

By substituting eq A-3 into eq A-1, the following equations are obtained,

(kg +kg)k g +k)
k

k,[D"1[A] —{ k., }[(D'+ L AT)]=0 (A-4) and

el

k jk , +k gk, +k,k,

k

—el

ky[D][A] =[ ][(D'+ A7) (A-5).

el
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On the other hand, quenching follows the following relation

ko [D"][A] =k (D™ ...A™)]

Hence eqs A-7 and A-8 can be derived from eqs A-5 and A-6,

k ks ot - k* k*e +k7 ks +ke ks ot -
L . A )]:( 4fe TR ! J[(D A
kq kel
k= kyk gk, _ k,
! k—dk—el +k—dks +kelks 1+k—d[1+ k—elj
k
el s
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Appendix 2-2 Kinetics for the Quenching of the Excited Triplet Molecule
by Molecular Oxygen
Proposed mechanism for quenching of the excited triplet molecules by molecular

oxygen is shown in Scheme B-1.

1,73 kCTl o - o kERS 1% 101 1
— )= M O, )— (5 Z,4) — M(Sy +0,('»

k_d 1k—CT
3/9 *k K
d3 3 CT 3 .5 5 CT 3o 3 3
M(T,) + 0,(’%) — (T, —';_ M”70, ) —=—7(8,'Y) —— M(Sy) +0,(%)
kea kcr /
ke
5% ¢ 4
— (T,
ky
Scheme B-1

where "(T,’Z) and ™(M®" OY) are the encounter and charge transfer complexes
(m=1,3, 5), '(S,'Z,'A)and *(S,’X)are the precursor complexes, k4 and k.q are the
diffusion and dissociation rate constants, and kic and kct are the rates of internal
conversion and charge transfer, respectively. The CT rate constants ("kct (m = 1 and 3))
of the complexes with AGer £ —0.1 eV are evaluated to be much larger than the reverse
CT rate constants ("k-ct (m = 1 and 3)) from the relation "kct/™k-ct = exp(—AGe/RT)
for full-electron transfer at 298K. Hence, "k—cT can be neglected.

According to scheme B-1, eq B-1 is derived,

- % =k, [M(T)][0, CD)] -k _o (" (T,* D)1+ (T, D)1+ (T, D)) (B-1).

With the steady-state approximation for ['(T,*2)], [*(T,’2)], and [*(T,’2)],
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: (Ift - ékd [M(T)NO, CON - (hy +k +k, +ke)['(T 2)]=0  (B-2),

A B3 MT)I0,CD -tk + .+ % U (T DI=0 (B-3), and

a4 9
L2 e, 110, 21—k (T, 210 (B-4).

Egs B-5, B-6, and B-7 are derived from eqs B-2, B-3, and B-4,

k
[ (1 D] = MO, (D) (B-5),
k g+k +k, +ke
3 3 3 kd 3
(T D) =5 4 —[M(T)][0, (D] (B-6), and
k g +k, +ke
5 3 5 kd 3
(T, D)= M0, (D] (B-7).

—d

By substituting eqs B-5, B-6, and B-7 into eq B-1, eq B-8 is obtained

d[T 3 kik 3
_ [dtl]:kd[M(Tl)][Oz( Z)]—ék TN [M(T)][0,(*Z)]
k. k ko k

-2 o [M(Tl)][02(32)]—§—d ~[M(T)][0, ()]

Ok y+k.+ker ~d

3 kdkfd 3
= ﬂkd[M(Tl O, ()] 1 1 m [M(T)][O, ("Z)]
9 Yk ,+k +k, +ke

3 RRe ver o, O]
Yk ,+k S +ke

's A 1

l kic +kic +kCT
lz 1A 1

Vk  ,+kS +k, +ke

3% .3

kic + kCT

ko +k=+%
—d+ ic + CT

[M(T)][0, (" 2)]

N % [M(T)][0,(°%)]
(B-8).
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Therefore, the quenching rate constant (kq) is shown as the following equation,

1 kS +k +% 1k +%
kq = kd {5 Iy 1A C;f + 5 3y C3T (B-9)
k ,+k, +k, +ke k g +k, +ker

By replacing 'k, and ‘k, by k.° +k.+%. and k, *+ke,, respectively, kq and the
fraction (fa) leading to formation of 'O, in the oxygen quenching of the excited triplet

molecules are given by eqs B-10 and B-11, respectively.

'k k
ky =k, 1 2 o1 2 (B-10) and
Ok +ky, 3k +k,
k 'k 1
Sa :Ed(k +?k Jk— (B-11).
—d D q
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Chapter 3

Absolute Phosphorescence Quantum Yields of
Singlet Molecular Oxygen in Solution
Determined Using an Integrating Sphere
Instrument
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3-1 Introduction

In Chapter 2, it was shown that singlet oxygen (Ox(a'A,)) is produced in the
phosphorescence quenching of the excited triplet Ir(IIl) complexes by molecular oxygen.
As described in Chapter 1, singlet oxygen is one of the reactive oxygen species and plays
an important role in various photochemical and biological processes [ 1—3]. Therefore, it
is important to clarify the photophysical properties of O2(a'As) produced under the
presence of transition metal complexes.

The photoluminescence quantum yield (®pr) is one of the most important
photophysical quantities of a molecule because it allows the emission capacity of
luminescent molecules to be assessed and it enables the rate constants of various
relaxation processes from the excited states to be determined in combination with other
lifetime data [4—6]. To date, various methods to determine the ®pr have been developed
[7-9]. The conventional relative (or secondary) method, which is currently the most
widely used method, requires a standard substance for which ®pL has been accurately
determined. The relative method also requires corrections for the refractive index of
solvent when different solvents are used as standard and sample solutions. On the other
hand, Vavilov [10] reported an absolute method in which a solid scatterer (magnesium
oxide) is used to absolutely calibrate the detector/excitation system. This method does not
require a standard solution, but requires various complex corrections in order to obtain
accurate quantum yields [11].

As an alternative method, the absolute method using an integrating sphere has recently
been developed as a method that does not require a standard substance or complex

corrections [12—20]. The integrating sphere can eliminate much optical anisotropy by
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multiple reflections on the inner surface of the integrating sphere. Suzuki and coworkers
have recently designed a new integrating sphere instrument for measuring the absolute
emission quantum yield in the visible wavelength region [21-23]. This instrument
consisted of a monochromatized Xe lamp, an integrating sphere, and a multichannel
analyzer equipped with a back-thinned charge-coupled device (BT-CCD) detector.
Excitation photons that are not absorbed by the sample solution and the emitted photons
from the sample undergo repeated reflection on the inner surface of the integrating sphere,
thus averaging the effects of polarization and refractive index. With this instrument, they
measured the absolute fluorescence quantum yields of various common standard
solutions and found good agreement between the measured yields and the literature values,
thus confirming the reliability of the instrument.

Since NIR light is less invasive to biological cells and tissues compared with the shorter
wavelength photons and permits the measurement of deeper tissues when compared to
visible light, near-infrared (NIR)-emitting probes have been developed for biological
oxygen imaging. To assess the utility of NIR-emitting probes, the emission quantum yield
1s an essential prerequisite. Recently, an integrating sphere instrument for the
measurement of absolute photoluminescence quantum yields in the spectral region from
ca. 400 to 1000 nm was designed by Wiirth et al. [13] This instrument permits
measurements of small sample volume in the microliter range, thus allowing analysis of
very small biological and bioanalytical samples. Using this instrument, the absolute
fluorescence quantum yields of NIR dyes that can be used as standards for the
fluorescence quantum yield in the NIR region were determined.

In this study, a new integrating sphere instrument that can be used for the measurement
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of emission quantum yield in the visible to NIR region (4 = 350—1650 nm) is developed.
Using this system, the absolute measurement of the quantum yield of a!As (v = 0) —
X*% (v" = 0) emission which has the peak at around 1270 nm from singlet oxygen was
performed for the first time. Although there have been few reports on quantum yield of
02(alAg) — 02(X3%, ) emissions, all the measurements reported to date were carried out
based on the relative method. In spite of various improvements in the apparatus, detector
sensitivity in the NIR region, corrections for spectral response and choice of standard,
large scatter is seen for the reported @ }I’A values [24]. The present absolute @© ;A

measurements were thus performed to confirm the usefulness of absolute quantum yield

measurements in the NIR region.
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3-2 Experimental Section
3-2-1 Materials

Carbon tetrachloride (CCls, spectrophotometric grade, >99.7%; Kanto Chemical),
carbon disulfide (CS., spectral grade, >99.9%, Kanto Chemical), toluene (PhCHj3;
spectral grade, >99.8%, Wako Pure Chemical), chlorobenzene (PhCl, >99.0%; Wako
Pure Chemical), bromobenzene (PhBr, >98.0%, Kanto Chemical), iodobenzene (Phl,
>99.0%, Tokyo Chemical Industries), chloroform (CHCIls, spectrophotometric grade,
>99.7%, Kanto Chemical), acetonitrile (CH3CN, spectrophotometric grade, >99.7%,
Kanto Chemical), acetonitrile-d3 (CD3;CN, NMR grade, Kanto Chemical), ethanol (EtOH,
spectral grade, >99.5%, Kishida Chemical), ethanol-d; (EtOD, >95.0%, Tokyo Chemical
Industries), benzene (Ce¢He, spectral grade, >99.8%, Wako Pure Chemical), and benzene-
ds (CsDs, NMR grade, Kanto Chemical) were used as solvent. These solvents were used
without further purification. 2-Methyltetrahydrofuran (2-MeTHF, >98.0%, Tokyo
Chemical Industries) was purified by distillation. As the singlet oxygen sensitizer, two
compounds: perinaphthenone (PN, 97%, Sigma-Aldrich) and platinum(II) meso-
tetra(pentafluorophenyl)porphine (PtTFPP, Frontier Scientific) (Figure 3-1) were used.
PN has already been established as a singlet oxygen sensitizer [25], although the
excitation wavelength is limited to below ~410 nm. In several solvents employed in the
present study (CS,, PhCl, PhBr, and Phl), absorption of solvent was not negligible at
excitation wavelengths <410 nm; therefore, PtTFPP which can be used for excitation at
longer wavelengths (525 nm) was used [26]. PN was purified by column chromatography
using chloroform/ethyl acetate (99:1, v/v) as an eluent. PtTFPP was used as received,

after confirming the purity by thin-layer chromatography.
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PtTFPP PN

Figure 3-1. Chemical structures of platinum(Il) meso-tetra(pentafluorophenyl)porphine
(PtTFPP) and perinaphthenone (PN).
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3-2-2 Absorption and Emission Spectra
Absorption and emission spectra were recorded using the instruments described in

Section 2-2-2.

3-2-3 Emission Quantum Yield of Near-infrared (NIR) Emission
Absolute Method

The emission quantum yield measurement of the a'A, (v = 0) — X°%, (v = 0)
transition of singlet oxygen ((I):)A) was carried out on an absolute photoluminescence
quantum yield measurement system which was newly constructed in Hamamatsu
Photonics K.K. The schematic diagram of this system is shown in Figure 3-2. This
instrument consisted of a 150 W Xe arc lamp (Hamamatsu, L9588-04) as the excitation
light source, an integrating sphere, two multichannel analyzers, and a personal computer.
A quartz cell with an optical path length of 1 cm was set into the integrating sphere.
Excitation light was introduced into the integrating sphere to irradiate the sample. A band-
pass filter (center wavelength 525 nm, full width at half-maximum (fwhm) 50 nm) and
an IR absorbing filter were placed between the Xe light source and the integrating sphere
in order to select excitation wavelengths. To avoid direct detection of the introduced
excitation light and/or emission from the sample, the integrating sphere with an inner
diameter of ca. 84 mm had a baftle between the sample and detection exit positions.
Spectralon was fitted in the inner surface of the integrating sphere as a reflecting material;
this provided a high reflectance of 99% between 350 and 1650 nm. Two different photonic
multichannel analyzers (Hamamatsu, C10027-02 and C10028-01) were used to detect

excitation and emission spectra between 350 and 1650 nm with good spectral sensitivity.
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The former multichannel analyzer (MCAT1) uses a BT-CCD with 1024 channels as the
detector and has a measurable wavelength range from 350 to 1100 nm (0.73 nm/channel).
The latter (MCA2) employs an InGaAs linear image sensor with 256 photosensitive
channels and can be used for measurements between 900 and 1650 nm (2.9 nm/channel).
These systems were completely calibrated for sensitivity of the spectral region from 350
to 1650 nm using deuterium and halogen standard light sources. These standard light
sources were calibrated in accordance with measurement standards traceable to primary
standards (national standards) located at the National Metrology Institute of Japan. The
primary measurement standards are based on physical units of measurement according to
the International System of Units (SI). The photoluminescence quantum yield (®pr) can

be derived from the following equation

_ N(Em) _ I}i[]:ﬁ;ﬂple (ﬂ,)— Ierr&;ference (A)]dﬂ, (3-1)
PL N(Abs) J.; [];:ference (2/) _ ];::Inple (i)]dﬁ
C

where N(Abs) denotes the number of photons absorbed by a sample, N(Em) stands for
the number of photons emitted from a sample, 4, 4, and ¢ are the wavelength, Planck’s
constant, and the velocity of light, respectively, 7:™<and 72 are the integrated
intensities of the excitation light in the presence and absence of a sample, respectively,
and 73 and 7% are the photoluminescence intensities in the presence and

absence of a sample, respectively [21].
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Relative Method

Figure 3-3 shows the block diagram of the instrument for the quantum yield
measurement based on the relative method. The excitation wavelength was selected from
the light of 150 W Xe arc lamp (Hamamatsu, L9588-04) by passing through a band-pass
filter (center wavelength 525 nm, fwhm 50 nm). The excitation light was focused into a
quartz cell with and without sample solution. The emission of singlet oxygen from each
solution was recorded on a spectrally calibrated photonic multichannel analyzer

(Hamamatsu, C10028-01) equipped with an InGaAs linear image sensor as a detector.
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MCA2
(InGaAs)
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Integrating
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Figure 3-2. A new integrating sphere instrument developed for the absolute
photoluminescence quantum yield measurements in the wavelength range of 350—1650
nm.
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Figure 3-3. The block diagram of experimental setup for quantum yield measurements
based on the relative method.
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3-2-4 Time-Resolved Photoacoustic Measurements

To determine the quantum yield of intersystem crossing (¢sc) of PtTFPP, the time-
resolved photoacoustic (PA) measurements were carried out. The third harmonic of a
Nd**:YAG laser (355 nm, Spectra-Physics, GCR-130, pulse width 6 ns) was used as the
excitation light source. The PA signals derived from nonradiative transitions of solute
molecules were detected using a piezoelectric transducer (Panametrics, Model V103, 1
MHz) and amplified using a high gain preamiplifier (Panametrics, Model 5676, 40 dB).
The output voltage was recorded on a digitizing oscilloscope (Tektronix, TDS-744, 500
MHz, sample rate 2GS/s) and transferred to a personal computer. The laser fluence was
varied using a neutral density filter, and the energy of laser pulse was recorded on a
pyroelectronic energy meter (Laser Precision, RjP735 and Rj 7610). Figure 3-4 shows the
schematic diagram of this instrument. The absorbance of each sample solution was
adjusted to be ca. 0.18 at excitation wavelength of 355 nm. The intensity (H) of the PA

signal can be described as the following equation,

H=KELa(1-1074) (3-2)

where K is a constant including the thermoelastic properties of the solution and
instrumental factors, EL is the laser pulse fluence, 4 is the absorbance of the sample
solution, and « is the fraction of energy deposited in the medium as prompt heat within
the time resolution of the experiment. Since it is known that the o values for the reference
compound, 2-hydroxybenzophenone (2HBP), in CCls and CH3CN can be presumed to be
unity, the « value of the PtTFPP solution can be determined from the ratio of the slopes

of straight lines. The ¢s value was determined by the following equation based on the
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energy balance,

Ev= <Es>+ ¢isc ET+ aEn (3-3)

where E) is the energy of the excitation photon (337 kJmol ™), ¢rand ¢s. are the quantum
yields of the fluorescence and intersystem crossing, <Es> is the average energy dissipated
by fluorescence from the excited singlet state, and Et is the energy of the excited triplet

state, respectively.

3-2-5 Quantum Yield Measurements of Singlet Oxygen Formation and Emission
Lifetime of Singlet Oxygen

Quantum yield of singlet oxygen formation and emission lifetime of singlet oxygen
were measured using the instrument described in Section 2-2-7. Here, the second
harmonic (532 nm) of Nd**: YAG laser was used as excitation wavelength in the emission

lifetime measurements of CS; and halogenated benzene solutions.
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Figure 3-4. Schematic diagram of time-resolved photoacoustic measurement instrument.
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3-3 Results and Discussion
3-3-1 Spectral Calibration of Integrating Sphere Instrument

The integrating sphere instrument developed for absolute quantum yield measurements
of NIR emission up to 1650 nm employs two multichannel analyzer systems using BT-
CCD and InGaAs as detectors (MCA1 and MCA2 in Figure 3-2, respectively). To
measure the emission quantum yield of Ox(a'Ag) which has an emission peak at about
1270 nm, the former analyzer was used to measure the excitation light profile at around
525 nm and the latter was used to obtain the emission profile of the a' Ay (v' = 0) — X°Z
(v" = 0) transition. The spectral response of this instrument was fully calibrated using
deuterium and halogen standard light sources for the wavelength range between 350 and
1100 nm and 900—1650 nm for MCA1 and MCAZ2, respectively. To confirm the reliability
of the spectral calibrations, the emission quantum yield of a phosphor, Y20,S:Yb,Er [27],
which gives an emission spectrum in the 900—1100 nm region was measured (Figure 3-
5). The discrepancy at around a peak (980 nm) might be caused by the difference in the
spectral resolution between MCA1 (1024 channels for 350—1100 nm) and MCA2 (256
channels for 900—1650 nm), and those at around 920 and 1090 nm are attributable to
lower sensitivities of MCA2 and MCAL in these spectral regions. The influence of these
differences can be ignored in the quantum yield measurements; measurements using the
multichannel analyzer equipped with a BT-CCD detector (MCA1) gave a quantum yield
0f'0.392, and those using the combination of MCAT (for excitation) and MCA2 equipped
with an InGaAs detector (for emission) gave nearly the same quantum yield (0.393). The
good agreement in the observed quantum yields demonstrates that the combined detection

system consisting of MCA1 (for excitation) and MCA2 (for emission) is precisely
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corrected for spectral sensitivity.
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Figure 3-5. Emission spectra of Y202S:Yb,Er measured using MCA1 and MCA?2 of the
integrating sphere instrument shown in Figure 3-2.
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3-3-2 Quantum Yield of a'Ag — X3, Emission of Oz in Solution

Singlet oxygen (a'Ag) was produced by energy transfer from the excited triplet PtTFPP
(T1) to molecular oxygen in the ground state (X°Z, ). Figure 3-6 shows the energy state
diagram of the collision complex between the photosensitizer PtTFPP and molecular
oxygen in solution, which includes relevant intramolecular and intermolecular relaxation
processes. Using the rate constants and quantum yields of various deactivation processes,

the observed emission quantum yield (@ ;A ) of Oz(a'Ay) is given by

1 1 1 klA 1 1 1
D= =0 =0k ) (3-4)
k. +k, +k,[S]+k,'TO,]

'A A . . .
where @ *, ¢, ,and 7 are the quantum yield of singlet oxygen formation, and the
phosphorescence quantum yield and lifetime of the a'Ay (v = 0) state in solvents,

respectively, k * and k;f are the radiative and nonradiation rate constants of Oa(a'Ay),

k, and k 'are the bimolecular quenching rate constants of 01(a'Ag) by photosensitizer
and 02(XZy), and [S] and [O:] are the concentrations of the photosensitizer and
02(X’Z,") in solution, respectively.

Figure 3-7 shows the excitation light profile and the emission spectrum of Oa(a'A,)
obtained by setting quartz cells with and without a sample solution, when an air-saturated
CClg solution of PtTFPP is set inside the integrating sphere. The excitation light profile
after passing through a band-pass filter with the center wavelength of 525 nm (black line)
is decreased by light absorption of PtTFPP solution (red line). The difference of the
integrated intensities in the absence and presence of PtTFPP solution (shaded area) is

proportional to the number of photons absorbed by PtTFPP solution. The emission

spectrum (red line) observed at around 1270 nm can be attributed to the a'Ag (v/ = 0) —
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X%, (V" = 0) emission of singlet oxygen from the characteristic wavelength. The area
of this emission band is proportional to the number of photons emitted by the a'A, —
X33, transition. By using eq 3-1, the absolute emission quantum yield ( @ ];A ) of Ox(a'Ag)
in air-saturated CCls was found to be 1.8x1072 at [PtTFPP] = 7.4 x 10° M by calculating
the ratio between the absorbed area in the excitation light profile and the integrated

emission intensity at around 1270 nm in Figure 3-7.
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Figure 3-6. Energy state diagram of collision complexes between photosensitizer
(PtTFPP) and molecular oxygen. Relaxation processes involving energy transfer from

photosensitizer to molecular oxygen are denoted by the rate constant or quantum

efficiency.
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Figure 3-7. Excitation light profiles and emission spectrum with (red line) and without
(black line) PtTFPP solution (7.4 x 10~ M in CCls) obtained using the instrument shown
in Figure 3-2. Excitation wavelengths were selected using a band-pass filter (center
wavelength 525 nm, fwhm 50 nm). Inset shows the expanded emission spectrum of
02(a'Ay) in CCla. Exposure times in the emission spectral measurements were set to 3 s.
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Because the emission lifetimes of the a'A; — X3, transition in CCls and CS; were
much longer than those in other solvents used in this study (vide infra), the Oz(a'A,)
emission in CCls and CS; appears to be quenched by collisions with the photosensitizer
molecule (PtTFPP) and molecular oxygen in the ground state (X>Z, ). By using eq 3-5,
the quenching rate constants (kq) by PtTFPP in air-saturated CCls and CS; were examined.
Equation 3-5 was derived from eq 3-4 by assuming that @ =1 as described in Section

3-3-3.

; +—-[8] (3-5)
k. K

r T

((DIA)_Iijuk;Hkq'[oz] k

p

Figure 3-8 shows the plots of (CI);A )_] vs the PtTFPP concentrations in CCls and CS,,
which gave straight lines. From the slopes (&, / krIA ) of these straight lines and k:A
described in Section 3-3-4, the bimolecular quenching rate constants (kq) of O2(a'Az) by
PtTFPP in CCls and CS; were determined to be 2.5 x 10° and 1.5 x 10° M 's7!,
respectively. From the values of intercept, the (I)]l)A values in the absence of sensitizer
quenching in CCls and CS; were estimated to be 2.2 x 1072 and 6.4 x 1072, respectively.
These @ ;A include quenching due to ground-state O2(X>Z, ), although the contribution
is small, even in air-saturated CCls and CS3, as discussed in Section 3-3-4.

Similar measurements of absolute emission quantum yield for Oz(a'Ay) were
performed in different solvents. For example, Figure 3-9a and b show the excitation light
profiles and emission spectra measured in air-saturated CH3CN and EtOH, respectively.
Although the integrating sphere instrument gave clearly the emission spectrum of

02(a'Ag) in CH3CN, the emission band at around 1270 nm in EtOH was very weak
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because of the extremely low emission quantum yield. Hence, dD;,A measurements based
on the relative method were also performed in order to confirm the reliability of the
absolute quantum yield measurements in solvents that give an emission quantum yield
lower than ca. 10, Using the absolute ® ;A value in CCly (@;A (CCl,)) as areference,
the relative CI);A value for PtTFPP solutions in different solvents ( CI);)A (X) ) was

calculated according to eq 3-6:

IX) (-T(CCL)) n’(X) (3-6)

P 0 =%, (C) 7 ca) amrx) o)

where /(X) and I(CCly) are the integrated emission intensity of O2(a'A) taken in solvent
X and reference CCly, T(X) and T(CCly) represent the transmittance of excitation light
for PtTFPP solutions in solvent X and CCls measured by using integrating sphere
instrument, and n(X) and n(CCly) are the refractive index of the solvent X and CCl4. The
results in different solvents obtained by using the instruments based on absolute and

relative methods are shown in Appendices 3-1 and 3-2.
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Figure 3-8. Plots of the inverse of (I);,A vs PtTFPP concentrations in (a) CCls and (b)

CSz at 293 K taken using an integrating sphere instrument shown in Figure 3-2.
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Figure 3-9. Excitation light profiles and emission spectrum of (a) CH3CN solution and
(b) EtOH solution with (red line) and without (black line) PtTFPP obtained using the
instrument shown in Figure 3-2. Excitation wavelengths were selected using a band pass
filter (center wavelength 525 nm, fwhm 50 nm). Insets of (a) and (b) show the expanded
emission spectrum of Ox(a'A,) in CH3CN and EtOH, respectively. Emission spectrum of
02(a'A,) in EtOH obtained by using the instrument in Figure 3-3 is shown in (c). Exposure
times in the emission spectral measurements were set to 5 s for (a) and (b), and 8 s for (c),
respectively.
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The @ ;A values obtained using the instruments shown in Figures 3-2 and 3-3 are
listed in Table 3-1 along with the literature values measured by the relative method
[28—34]. The absolute @ ;A value of 2.2 x 1072 in CCls, which is corrected for sensitizer
quenching, is much larger than the value of 4.4 x 1073 reported by Krasnovsky, who
measured the @ ;A value using the fluorescence quantum yield of tetraphenylporphin as
a standard [28]. The discrepancy might originate, at least in part, from sensitizer-induced
quenching occurring in the experiments by Krasnovsky. The @ ;A value 0f 2.2 x 102 in
CCl4 reported by Losev et al. [29], which was obtained using the emission of Li—Nd
phosphate glass as a standard, is very similar to the obtained value in this study. Losev et
al. determined dDIl)A for an exceedingly dilute sensitizer solution (1.2 x 1078 M) to
compensate for sensitizer quenching. However, their ® ;A values in benzene and toluene
are about 1 order of magnitude larger than the obtained values in this study [30]. The
absolute and relative dDIl)A values of this study in benzene (CsHg) are 2.6 x 107> and 3.2
x 1075, respectively. These are consistent with the value (4.7 x 107) determined by
Schmidt [31] using the fluorescence quantum yield of different sensitizers as reference,
although their value is somewhat larger than the value obtained in this study. Schmidt et
al. determined the @ ;A in other solvents based on the relative method using their ® ;A
(4.7 x 107°) in Ce¢Hp as reference [32]. Systematic differences between the @ ;A values
in this study and those by Schmidt et al. are, therefore, attributable to differences in the
) ;A values in C¢Hg. On the other hand, the @ ;A values reported by Shimizu et al.
[33,34] were found to be 1 order of magnitude smaller than the values of this study in all
solvents. They first determined the absolute @ ;A value in CCls by using the

fluorescence quantum yield of quinine bisulfate in 1 N H>SOj4 as a standard [33], and then
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the @ ;A value in other solvents based on the relative method was determined using their
absolute @ ;A value in CCly [34]. Thus, the systematic discrepancy with the ® ;A value
in this sturdy may have come from their lower CI);A value in CClys. Shimizu et al. used
a photon-counting technique based on pulsed laser excitation to determine quantum yields,
and time-resolved detection was employed to remove unwanted emission with lifetimes
different from that of O2(a'A,) [33,34]. In this study, however, short-lifetime components
other than O2(a'Ag) were not observed in the emission decay profiles at 1270 nm. So time-
resolved analyses are not necessary for the quantum yield measurements of the systems
in this study.

As noted below, the quantum yield of singlet oxygen formation ( ® B ) of air-saturated
PtTFPP solutions can be assumed to be unity in all solvents used. Hence, the ® ;A values

in Table 3-1 correspond to the intrinsic phosphorescence quantum yields ¢ of Oz(a'A,)

p

in these solvents.
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Table 3-1. Comparison of (I)l;A values in different solvents at 293 K obtained in this

study with values from the literature.”

®°

this work
solvent absolute relative KR LO SC SH
CCly 22x1072%° 44%x103¢ 22x1072%7 89x1072%¢ 1.38x1073/
CS, 6.4 x 1072 4.0x107%¢
CeHs 26%x107° 3.2%x107 1.4x10748 47x107°" 45x107%!
CsDe6 55%x107* 6.4x107*
PhCH; 1.7 x107 29x%x107 1.2x 10742 43 x 107
PhCl 4.0x107 52x%x107°
PhBr 4.4 x 107 6.2 %107
Phl 3.3x107° 4.6 %107
CHCl; 1.2x10™* 1.2x107* 3.6 x107%¢ 2.05x 107!
CH:CN 1.5x107° 22x%x107 7.0%x107°¢ 3.8x 107
CDsCN 4.6 x10* 3.7x107*
EtOH ND 48x10° 58%x 10777
EtOD ND 9.8x10°°

KR, Krasnovsky et al.; LO, Losev et al.; SC, Schmidt et al.; SH, Shimizu et al.
b The values extrapolated to [PtTFPP] = 0. ¢ Ref [28]. “Ref [29]. Ref [32]./Ref [33].
gRef[30]. "Ref [31]. Ref [34].
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3-3-3 Photophysical Properties of PtTFPP and Quantum Yield of Singlet Oxygen
Formation

The absorption and emission spectra of the photosensitizer PtTFPP in 2-
methyltetrahydrofuran (2-MeTHF) solution at room temperature and at 77 K are shown
in Figure 3-10. The lowest absorption band for PtTFPP was observed at around 540 nm.
The emission spectrum of PtTFPP at room temperature was significantly quenched by
oxygen and could be assigned to phosphorescence (Figure 3-11). Fluorescence was not
observed, even at 77 K, thus suggesting that the quantum yield of intersystem crossing
(¢sc) 1s close to unity. To evaluate the ¢sc values of PtTFPP, the time-resolved
photoacoustic measurements of PtTFPP solutions in CCls and CH3CN were performed.
Figure 3-12 shows the laser power dependences of PA signal amplitude of PtTFPP and
2HBP as a reference in CCls and CH3CN. As shown in Figure 3-12, there were linear
relationships between PA signal amplitude and the laser energy. These results indicate
that biphotonic processes and ground state depletion are not involved. From the ratio of
the slopes of the straight lines of PtTFPP and 2HBP, the o values of PtTFPP in CCl4 and
CH3CN were determined to be 0.47 and 0.45, respectively. The triplet energy (ET) of
PtTFPP was determined to be 185 kJmol™! from the phosphorescence spectrum at 77K
shown in Figure 3-10. Because the fluorescence quantum yield (¢r) in eq 3-3 could be
assumed to be zero, the ¢sc values of PtTFPP were calculated to be 0.96 and 1.01 in CCl4
and CH3CN, respectively.

The quantum yield of singlet oxygen formation of PtTFPP in different solvents
((I)lA (PtTFPP)) under air-saturated condition was evaluated using the ® " values in

perinaphthenone (PN) solution (CI)lA (PN)) in the same solvent as reference. Here, the
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(D]A(PN) values were presumed to be unity in the solvents used in this study [25].
02(a'Ay) was formed by 355 nm laser pulse excitation of PtTFPP solutions using the
apparatus shown in Figure 2-5 in Section 2-2-7, and the a' A, — X3Z, emission intensity
(1 R (PtTFPP)) extrapolated to the laser pulse peak was compared with that of ( / R (PN))

obtained for PN solutions with the same solvent according to the following equation:

I (PtTFPP)  A(PN)
1*(PN) A(PtTFPP)

® * (PtTFPP)=® * (PN) (3-7)

where A(PtTFPP) and A(PN) are the absorbances of PtTFPP and PN solutions at 355 nm,
respectively. The obtained ®* values in selected solvents are summarized in Table 3-
2. Although the @ B values in CS;, PhCl, PhBr, and Phl could not be determined owing
to the absorption of solvent molecules at 355 nm, it can be seen from Table 3-2 that the

quantum yield of O2(a'Ag) formation can be assumed to be unity in these solvents.
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Figure 3-10. Absorption (black line) and emission spectra of PtTFPP in deaerated
2-MeTHF at room temperature (red line) and 77 K (blue line) (Aexc = 355 nm).
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Figure 3-11. Emission spectra of PtTFPP in N»z-saturated (black line) and air-saturated
(red line) in 2-MeTHF.
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Figure 3-12. Laser energy dependencies of PA signal amplitude of PtTFPP and 2HBP in
(a) CCl4 and (b) CH3CN at 293 K (Aexc = 355 nm). Inset of (a) and (b) shows the PA
signals in CCls and CH3CN, respectively.
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Table 3-2. Quantum yield of singlet oxygen formation ((DIA) and photophysical
parameters of singlet oxygen in different solvents (sensitizer: PtTFPP).

solvent @ La v.%/ s @ * kA s k2 s
CCly 1.00 5.04 x 103? 8.1x1073° 1.6 6.8 x 10!
(22x107?%¢
CS, 9.08 x 10° 1.4 x1072? 1.6 1.4 x 10
(6.4x107%)¢
CsHs 0.98 31.7 3.2%x107° 1.1 3.2 x10*
CsDs 0.99 608 55x%x10* 0.90 1.6 x 10°
PhCH3 0.98 31.2 29x%x107 0.93 3.2 x10*
PhCl 448 52x107° 1.2 2.2 x10%
PhBr 43.1 6.2%x107 1.4 2.3 x 104
Phl 28.5 4.6 %107 1.6 3.5 x10*
CHCI; 1.00 173 1.2x 1074 0.69 5.8 x10°
CH;CN 0.98 83.4 22x%x107 0.27 1.2 x10%
CDs;CN 0.96 1.59 x 10° 4.6x 1074 0.29 6.3 x 10?
EtOH 0.96 15.2 48x10° 0.32 6.6 x 10*
EtOD 0.99 324 9.8x 107 0.30 3.1 x10*
¢ Uncertainties = 10%.
b _'a

T, and q);A were measured for solutions with the same PtTFPP concentration.
¢ The values extrapolated to [PtTFPP] = 0.
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3-3-4 Radiative and Nonradiative Rate Constants of Oz2(a'Ag)

The most important parameters for understanding the photophysical properties of
02(a'A,) in solution are the radiative and nonradiative rate constants. Because the ¢sc and
@ of air-saturated PtTFPP solutions can be assumed to be unity in all the solvents used
in this study, the radiative rate constant (krlA) can be calculated from the @ ;A and T;A
values measured under identical sensitizer and O» concentrations according to eq 3-4.
Therefore, the r;A values for air-saturated PtTFPP solutions were measured using the
apparatus shown in Figure 2-5. Here, the PtTFPP concentration was adjusted to be equal
to that used in the @ ;A measurement in each solvent. The phosphorescence decay
curves of Oz(a'Ag) measured in air-saturated CCls and CH3CN are shown in Figure 3-13.
Both decay curves followed single exponential decay functions, and the lifetimes were
found to be 5.04 ms and 83.4 ps in CCls and CH3CN, respectively. The rplA values
obtained in different air-saturated solvents are shown in Table 3-2, and the decay curves
of singlet oxygen in different air-saturated solvents are shown in Appendix 3-3. As shown
in Table 3-2, the lifetime of O(a'Ag) varies significantly depending on the solvent, as
reported previously [34]. Assuming that the values of ¢, . and ® “ in eq 3-4 are unity
in the solvents used, the k:A values were calculated from r;A and CI):)A, as shown in
Table 3-2. To compare the k:A values in this study with those reported by other groups,
the representative literature values for k* are summarized in Table 3-3. The &, °
values reported by Schmidt and co-workers [35,36], Ogilby and co-workers [37,38] and
Darmanyan [39] are similar to the values determined using an integrating sphere
instrument, although their k:A values in all solvents are somewhat larger than the values

obtained in this study. The krIA values reported by Shimizu et al. [34] are nearly 1 order
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of magnitude smaller than the values of this study in all solvents. This difference can be
vested in their (I):DA value in CCly, which was about 1 order of magnitude smaller than
the values of this study (Table 3-1). As evident from Table 3-3, the k:A values are much
larger than that (2.6 x 10~* s7!) in the isolated O2(a'Ag) [40] and vary depending on the
solvent. This is consistent with the former results shown in Table 3-3 [34—39]. The
mechanism of the collision-induced a'A; — X%, transitions has been widely studied by
experiments [36,39,41,42] and theoretical treatments [43,44].

The knlf values were derived using T;A and kr]A in Table 3-2 according to eq 3-8:

k2 = ()" (k2 + ke[S]+ kqTO2]) (3-8)

where the contribution of the quenching processes by the photosensitizer molecule and
molecular oxygen in the ground state, which are denoted as kq[S] and k4'[O2] in eq 3-8,
was neglected for all solvents other than CCls and CS,, because kq[S] and kq'[O2] are
much smaller than (T;A ). In CCls and CS3, the kq[S] values were calculated to be 1.2 x
10? and 8.5 x 10' s™! using the kq values and the photosensitizer concentrations, which
were used in lifetime measurements. The quenching rate constants kq' by O2(X°Zs) in
CCls and CS; were evaluated to be 3.5 x 10° and 6.4 x 10° M's™! from the 7" in
different O> concentrations reported by Schmidt et al. [45], and the k'[O2] values were
estimated to be 9.1 and 9.6 s™!, respectively. The obtained knlf values are listed in the
last column of Table 3-2. As can be seen in Table 3-2, the krif values vary significantly
depending on the solvent nature; the kner in solvents with C—H bond(s) is much larger
than those in CCly and CS;, and deuteration of the C—H bond substantially reduces knlf .

Similar solvent effects on nonradiative transitions have also been recognized in lifetime
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measurements [45,46] and can be explained by electronic-to-vibrational energy transfer;
thus, the electronic excitation energy of O2(a'A,) is converted into the vibrational energy
of 02(X*%;") and peripheral X=Y bonds of the solvent molecule (Figure 3-14). The
quenching rate constant (kq) by solvent molecules has been expressed by the following

equation [24,47],

k,~ZY F,F.R,, (3-9),

where Z is a term that is independent of the specific nature of the solvent, F is the Franck-
Condon factor for a particular (0 — s) vibrational transition of the solvent, F. is the
corresponding factor for the (v' = 0 — v") vibronic transition of 'O, to the ground state,
and R, is related to the energy difference between the oxygen vibronic transition and
the appropriate solvent vibrational energy level (an off-resonance factor). Because the
R_, value is increased with a decrease of the energy difference between two transitions,

sV

the kq value by C—H bond becomes larger than that by C—D bond.
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Figure 3-13. Phosphorescence decay curves of O2(a' Ag) observed in air-saturated (a) CCls

and (b) CH3CN solutions of PtTFPP at 293 K (Aexc = 355 nm). The experimental curves
are well fitted to single exponential functions (red lines).
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Table 3-3. Comparison of radiative rate constant (krlA) of singlet oxygen in

different solvents obtained in this study with values in the literature.”

kA s

solvent this work SC 0G?® DAR ¢ SH ¢
CCly 1.6 1.17¢ 0.91 0.041
CS» 1.6 3.14¢ 3.11 2.14
CesHs 1.1 1.50/ 0.143
CeDs 0.90 1.3357
PhCH3 0.93 1.44 0.135
PhCl 1.2 1.68
PhBr 1.4 1.97
PhI 1.6 2.61¢ 2.61
CHCl3 0.69 0.96 ¢ 1.13 1.14 0.088
CH;CN 0.27 0.450
CD;CN 0.23 0.045
EtOH 0.32 0.55
EtOD 0.30 0.345 0.35 0.040

4SC, Schmidet et al.; OG, Ogilby et al.; DAR, Darmanyan; SH, Shimizu et al.
bRef [38]. “Ref[39]. “Ref [34]. ¢Ref [36]./Ref [35].
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3-4 Conclusions

A new integrating sphere instrument was designed for measurements of absolute
emission quantum yield in the spectral region between 350 and 1650 nm. To enable
measurements over a wide spectral range, two photonic multichannel analyzers (MCAs)
equipped with BT-CCD and InGaAs detectors were employed in this system. Both
detection systems were spectrally calibrated by using standard light sources. With this
instrument, the first measurements of the absolute quantum yield (® ;A) of the alAg (v =
0) — X%, (v" = 0) emission at around 1270 nm of singlet oxygen in selected solvents
were performed. The obtained ® ;A values were consistent with the literature values
determined based on the relative method. Using the CD;,A and the lifetime of Oa(a'Ag)
emission obtained at the same sensitizer and O2 concentrations, the radiative (krlA) and
nonradiative ( k;f) rate constants of Oa(a'Ag) were determined in different solvents.
Significant solvent effects were observed in the values of ® ;A and r;A. These results
are attributed to the marked change in the k':f value, which can be explained by

electronic-to-vibrational energy transfer.
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Appendix 3-1 Results of the Measurements in Different Solvents Based

on Absolute Method
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Figure S3-1. Excitation light profiles and emission spectra with (red line) and without
(black line) PtTFPP in CS», CsH¢, and CeDs solutions obtained using the instrument
shown in Figure 3-2. Exposure times in the emission spectral measurements were set to
1 s for CS», 5 s for CsHs and CsDs, respectively.
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Figure S3-2. Excitation light profiles and emission spectra with (red line) and without
(black line) PtTFPP in PhCHj3, PhCl, and PhBr solutions obtained using the instrument
shown in Figure 3-2. Exposure times in the emission spectral measurements were set to
5 s for PhCH3, PhCl, and PhBr, respectively.
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Figure S3-3. Excitation light profiles and emission spectra with (red line) and without
(black line) PtTFPP in Phl, CHCI3, and CD3;CN solutions obtained using the instrument
shown in Figure 3-2. Exposure times in the emission spectral measurements were set to
5 s for Phl, CHCl3, and CD3;CN, respectively.
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Figure S3-4. Excitation light profiles and emission spectra with (red line) and without
(black line) PtTFPP in EtOD solution obtained using the instrument shown in Figure 3-2.
Exposure times in the emission spectral measurements were set to 5 s for EtOD.
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Appendix 3-2 Results of the Measurements in Different Solvents Based

on Relative Method
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Figure S3-5. Emission spectra of O2(a'A¢) in CCls, C6Hs, and CsDs obtained by using the
instrument in Figure 3-3. Exposure times were set to 1 s for CCly, for 6 s CsHg, and CsDe,
respectively.
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Figure S3-6. Emission spectra of O2(a'Ag) in PhCH3, PhCl, and PhBr obtained by using
the instrument in Figure 3-3. Exposure times were set to 6 s for PhCH3, 3 s for PhCl, and
1 s for PhBr, respectively.
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Figure S3-7. Emission spectra of Ox(a'Ag) in Phl, CHCl3, and CH3CN obtained by using
the instrument in Figure 3-3. Exposure times were set to 3 s for Phl and CHCl3, and 6 s
for CH3CN, respectively.
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Figure S3-8. Emission spectra of O2(a'Ag) in CD3CN and EtOD obtained by using the
instrument in Figure 3-3. Exposure times were set to 6 s for CD3CN, and 8 s (averaging
10 times) for EtOD, respectively.
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Appendix 3-3 The Decay Curves of Singlet Oxygen in Different Solvents
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Figure S3-9. Phosphorescence decay curves of Oa(a'Ag) observed in air-saturated CS»
(Aexe = 532 nm), CeHs, and CsDs (Aexc = 355 nm) solutions of PtTFPP at 293 K. The
experimental curves are well fitted to single exponential functions (red lines).
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Figure S3-10. Phosphorescence decay curves of O2(a'Ag) observed in air-saturated PhCHj
(Aexec = 355 nm), PhCIl, and PhBr (Aexc = 532 nm) solutions of PtTFPP at 293 K. The
experimental curves are well fitted to single exponential functions (red lines).
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Figure S3-11. Phosphorescence decay curves of Oa(a'Ay) observed in air-saturated Phl
(Aexe = 532 nm), CHCI3, and CD3CN (Aexe = 355 nm) solutions of PtTFPP at 293 K. The
experimental curves are well fitted to single exponential functions (red lines).
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Figure S3-12. Phosphorescence decay curves of O2(a!A,) observed in air-saturated EtOH
and EtOD (Aexc = 355 nm) solutions of PtTFPP at 293 K. The experimental curves are
well fitted to single exponential functions (red lines).
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Chapter 4

Summary
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In this thesis, the phosphorescence quenching mechanisms of neutral and cationic
Ir(IIT) complexes by molecular oxygen were investigated, and the formation efficiency
and the relaxation properties of singlet oxygen produced by phosphorescence quenching
of transition metal complexes were revealed.

In Chapter 2, the phosphorescence quenching of neutral and cationic iridium(III)
complexes by molecular oxygen and aromatic electron acceptors (AEAs; 1,4-
dinitrobenzene (DNB), nitrobenzene (NB), and 1,4-dicyanobenzen (DCB)) was
investigated in CH3CN. The phosphorescence quenching rate constant (k) by AEAs
increased with decreasing Gibbs energy change (AGer) of electron transfer and gave a
diffusion-controlled rate constant (kq) of 2.0 x 10! M!'s™!. The radical ions produced by
electron-transfer reactions between excited triplet Ir(IIl) complexes and AEAs were
confirmed by performing the transient absorption measurement, although the separated
ion yields were as low as 0.10—0.17. It was revealed that two competing pathways
(noncharge-transfer (nCT) and charge-transfer (CT) channels) are involved in the
phosphorescence quenching of iridium(IIl) complexes by molecular oxygen. For the
Ir(IIT) complex/Oz systems with AGer < —0.8 eV, the limiting kq value was over (4/9)kq
(ka = 4.1 x 10" M's™! for Ir(Ill) complex/O, system) and the efficiencies (fa) of 'O,
production from triplet states quenched by oxygen were larger than 0.25 (fa = 0.40).
These results suggested the involvement of 'O, formation through intersystem crossing
between singlet, triplet, and quintet CT complexes.

In Chapter 3, a new integrating sphere instrument equipped with a Xe light source and
two spectrally calibrated photonic multichannel analyzers using a back-thinned charge-

coupled device (BT-CCD) and InGaAs detectors was developed for the measurements of
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absolute emission quantum yield from the visible to near-infrared region (4 = 350—1650
nm). Using this instrument and platinum(II) meso-tetra(pentafluorophenyl)porphine
(PtTFPP) as a photosensitizer, the absolute quantum yield ((I):)A) of the a'A; (v/ = 0) —
X*%, (v" = 0) emission from singlet oxygen which has emission peak at about 1270 nm
in various solvents was measured. The (I):DA values in CCls and CS; under infinite
dilution of PtTFPP were evaluated to be 2.2 x 102 and 6.4 x 1072, respectively. In addition,
the relative quantum yields in the other solvents were determined using the absolute ® ;A

value in CCls. From the (I):)A values and lifetimes of Oz(a!A,), the radiative and
nonradiative rate constants (krlA and k;f) of Oa(a'Ag) were determined. The obtained
) ;A and krl “ values were compared with the literature values determined by the relative
method.

The measurements in Chapters 2 and 3 were performed for homogeneous systems
using organic solvents. However, intracellular environments are inhomogeneous and
more complex. Therefore, as future works, it is necessary to clarify the interactions of the
excited triplet Ir(II) complexes with molecular oxygen and the photophysical properties
of singlet oxygen under the conditions analogous to the intracellular environment. For
example, (btp)2Ir(acac) which is one of the Ir(II) complexes used in this study is known
to be localized into the membrane of endoplasmic reticulum in cells. Hence, it will be
important to measure the kq value of oxygen quenching and the quantum yield of singlet
oxygen formation in membrane such as L-o-dimyristoylphosphatidylcholine (DMPC). In
addition, it is required to examine the interactions between Ir(III) complexes in the excited
triplet state and endogenous substances such as riboflavin and ubiquinone-10 in solution

and membrane. For the photophysical properties of singlet oxygen, it is desired to reveal
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the deactivation rate constants in membranes by measuring the emission quantum yield
and lifetime. Furthermore, more detailed knowledges for the interactions between the
excited triplet Ir(III) complexes and molecular oxygen and the photophysical properties

of singlet oxygen will be obtained by performing similar measurements in living cells.
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