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Chapter 1: Introduction

1-1: Emissive Transition Metal Complexes

Emissive transition metal complexes represented by polypyridyl ruthenium(Il)
complexes,i*? cyclometalated iridium(l11) complexes®® and so forth[?2 have
attracted much attention due to their versatile emission properties. Although some
complexes exhibit fluorescencel? 261 from the relevant singlet excited states (Sz) to the
electronic ground states (So) similar to organic compounds such as anthracene, the most
distinguished characteristics of a transition metal complex is the phosphorescence
transition from the triplet excited state (T1), produced by intersystem crossing (ISC)
from S through spin—orbit coupling originated from the heavy atom effects by a metal
center as shown in Scheme 1-1. In such a complex, the intrinsically spin-forbidden Ti—
So phosphorescence transition is partially allowed by mixing between the electronic
wave functions of S; and Ti through spin—orbit couplingt? and, thus, the
phosphorescence from the complex can be observed even at room temperature, in
contrast to the ordinary organic compounds whose phosphorescence is not typically

available at room temperature.

S
5
photoexcitation 1,
& So

fluorescence phosphorescence

Scheme 1-1. Energy diagram for the excited-state processes.



Transition metal complexes exhibit a variety of the electronic transitions arisen
from the metal-centered (e.g., d—d and f-f), ligand-centered (e.g., =—n* and intraligand
charge transfer (ILCT)®), metal-ligand (e.g., metal-to-ligand CT (MLCT)? and
ligand-to-metal CT (LMCT)!%!) and ligand-ligand interactions (e.g., ligand-to-ligand
CT (LLCT)[223]). Since the electronic transition features of a complex are controllable
by a combination of a metal center and a ligand structure, phosphorescent complexes
having a d-[1-615-19] (8.[89121317.18] or (10 metal jon(s)[*%* 22l have been extensively
synthesized as exemplified in Chart 1-1. As an outstanding example, the facial isomer
of tris(2-phenylpyridinato)iridium(I11) (fac-[Ir(ppy)s]) reported by Watts et al. in 1985
shows efficient green phosphorescence, and it has been utilized in a practical device of
organic light-emitting diodes (OLEDs) in 1999.°1 After the report, various
phosphorescent iridium(111) complexes (e.g., mer-N,N-[Ir(HFP)2(pic)]® and mer-N,N-
[Ir(btp)2(acac)]® in Chart 1-1) have been developed aiming at the applications to

OLEDs to achieve broad and visible emission from blue to red.
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Chart 1-1. Chemical structures of phosphorescent transition metal complexes.



In addition to the emission properties of a complex itself, environmental
responses of photoluminescence is also important characteristics.[8-%1 A typical
example is a d® platinum(ll) complex possessing a square-planar geometry. Although
polypyridyl platinum(ll) complexes such as cis-(2,2'-bipyridine)dicyanidoplatinum(ll)
(cis-[Pt(bpy)(CN)2]),’?® whose structure is shown in Figure 1-1, are nonemissive in
diluted solutions, the complexes in a condensed phase often exhibit the characteristic
emissions arisen from platinum-platinum interactions.?234 In the case of
cis-[Pt(bpy)(CN)2], dimerization of the complex in the ground state and resulting
higher-energy do*-orbital give rises to metal-metal-to-ligand CT (MMLCT) absorption
and the relevant emission even at room temperature. Since such bimolecular interactions
hugely depend on the intermolecular distance, the emission from the complex is varied

as functions of the surrounding environments such as temperature®>%1 and vapor. [342¢I

n*(L) m*(L)
do*

M) T )
daPr) " (P
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monomer monomer
dimer

Figure 1-1. Chemical structure and molecular-orbital diagram of cis-[Pt(bpy)(CN).].12%

Emissive transition metal complexes are applicable to light-emitting

materials, (21437401 sensing for surrounding environments (e.g., heavy metal



atom/ion, 44 pHE5461 and vaport3*-3%), bio-imaging*"*® and so forth®-51 and,
therefore, various attractive examples have been hitherto reported. However, most of
them are based on the structure—property relation since the photophysical properties of a
transition metal complex are dependent on many structural factors such as nature of a
metal center and a ligand as well as a coordination geometry. Furthermore, such
complexes often show complicated photophysical behaviors arisen from multiple
factors: intra- and inter-molecular interactions, multiple-component emission, and
different spin characters between the absorption and emission transitions. Owing to such
complicacies, theoretical aspects into the photophysical properties of phosphorescent
transition metal complexes are not sufficient enough in the present stage of the

investigations in spite of well-documented fluorescent compounds. %5

1-2: Polypyridyl Ruthenium(l1) Complexes

Polypyridyl ruthenium(ll) complexes represented by tris(2,2'-bipyridine)-
ruthenium(11) ([Ru(bpy)s]?* in Figure 1-2) are one of the most extensively studied metal
complexes. [Ru(bpy)s]?* was first synthesized by Burstall in 1936.154 After the report on
the emission from [Ru(bpy)s]>* at 77 K in 1959, the origin of the lowest-energy
excited state (i.e., phosphorescent or fluorescent and d—d or MLCT transition) had been
actively discussed until 1970's5-%1 and, currently, the triplet MLCT (3MLCT) model
reported by Harrigan et al. in 1973 is widely accepted on the basis of three thermally-
equilibrated levels analysis for the temperature dependence of the emission lifetimes
(zem) below 77 K. In addition to the ligand-centered mn* absorption band, [Ru(bpy)s]**
exhibits an intense and broad MLCT absorption band in >400 nm. The singlet MLCT

(*MLCT) excited state produced by photoexcitation is converted to the 3MLCT excited



state via ISC (~15 fs in water[54) followed by thermal relaxation (~20 ps in water!®®)
and, then, the complex shows room-temperature phosphorescence. The emission from
[Ru(bpy)s]?* is temperature-dependent owing to a contribution of the triplet dd excited
(3dd*) state to thermal deactivation from the 3MLCT excited state (see Figure 1-2) as
revealed by Watts et al. in 1976.1¢ Furthermore, later than 1980's, the photophysical
processes of ruthenium(ll) complexes have been extensively studied based on the
energy gap dependence of the nonradiative decay rate constant,’®”] solvent effects on
both absorption and emission®% and so forth.["*" Since there are further numerous
experimental and theoretical reports on polypyridyl ruthenium(ll) complexes, these
complexes play important roles in current coordination photochemistry and are ideal
targets for understanding the photophysical process of phosphorescent transition metal
complexes. Furthermore, the visible absorption and emission of polypyridyl
ruthenium(I1) complexes enable utilizations of the complexes for not only fundamental
studies but also a variety of photochemical applications in sensing”>7® and
light-emitting materialsi®84 artificial photosynthesist®?®% and so forth.[85-81 |n
particular, the complexes are often employed as photosensitizers owing to their intense
MLCT absorption, long-lived excited state (~1 ps) and high stabilities in the multiple

redox states.

— — IMLCT

— — 2+ ————
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% k.~ 10357 ko~ 10087 S,

Figure 1-2. Chemical structure and photophysical processes of [Ru(bpy)s]?*.




Although polypyridyl ruthenium(Il) complexes show obvious phosphorescence
from the SMLCT excited states even at room temperature, the emission quantum yields
(Pem) are not necessarily high among other phosphorescent transition metal complexes.
As an example, the ®em Value of [Ru(bpy)s]?* is 0.095 in deaerated CH3CN at 298 K[!
whereas that of fac-[Ir(ppy)s] is 0.92 under similar conditions.®™ The highest ®em value
among those of polypyridyl ruthenium(ll) complexes was reported by Hahn et al. for a
dendritic tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(ll) ([Ru(dpp)s]?*) derivative
with the value being 0.41 in CH3OH, which was achieved by encapsulation of the
[Ru(dpp)s]?* core in oligo(ethyleneglycol) units.l However, most of the ®em values of
polypyridyl ruthenium(ll) complexes are still less than 0.1%%1 and, therefore,
development of highly-emissive polypyridyl ruthenium(ll) complexes is of primary
importance. Since the ®em value of a complex is determined primarily by the relation
®em = ki/(kr + knr) Where ki and knr are the radiative and nonradiative decay rate
constants, respectively, the simplest approach to enhance the emission efficiency is an
increase in ki and a decrease in kn. However, the ko value of a polypyridyl
ruthenium(I1) complex is typically 10-times larger than k. owing to a large contribution
of nonradiative decay via the 3dd* state as described above,[ and such large Knr
impedes a development of a highly-emissive polypyridyl ruthenium(Il) complex.
Furthermore, a control of k. has been scarcely conducted due to its experimental
difficulties. On the basis of these research backgrounds, a systematic study on the
spectroscopic and photophysical properties of polypyridyl ruthenium(ll) complexes is
absolutely required to obtain a new synthetic strategy for an enhancement of the

emission efficiency of the complex.



1-3: Triarylborane Derivatives

An electrically-neutral organoborane derivative possesses a planar
sp?-hybridized structure and the vacant p-orbital on the boron atom (p(B)), which differs
from the relevant derivatives of carbon, nitrogen and other typical element compounds
as shown in Figure 1-3. In spite of the fascinating electronic structures of tricoordinated
organoborane derivatives, they are not stable in air or solution due to the presence of
p(B) and, therefore, subtle molecular designs to protect p(B) sterically by bulky

substituents are required.

b ¢ W
O‘ - ‘,, - v,

Figure 1-3. Chemical and electronic structures of electrically-neutral boron, carbon and
nitrogen derivatives.

Triarylborane compounds, which are electrically-neutral organoborane
derivatives possessing three aryl groups, act as powerful electron-acceptors and show
characteristic spectroscopic/photophysical properties owing to the presence of
p(B).%41%%1 |n 1966, Ramsey reported the spectroscopic properties of a series of
triarylborane derivatives having various m-electron chromophores (phenyl, tolyl, mesityl,
or naphthyl group) and demonstrated a linear dependence of the absorption energy on
the ionization potential of the aryl group.[®*! After the report by Ramsey, synthetic works
on triarylborane derivatives have been frequently reported, whereas the number of the

reports on their spectroscopic properties is limited. In 2000, Yamaguchi et al. reported



that tri(9-anthryl)borane (TAB in Figure 1-4) showed broad and intense absorption at
around 470 nm (band 1) in tetrahydrofuran (THF) at room temperature, in addition to
the band similar to the =n* band of anthracene in 330380 nm (band 11).[°®1 Furthermore,
TAB exhibits room-temperature fluorescence whose band ranging in 480-650 nm is
broad, structureless and red-shifted largely compared to that of anthracene (380-480
nm) as shown in Figure 1-4. According to the theoretical calculations on TAB by
Yamaguchi et al., band | is ascribed to the charge-transfer transition from the n-orbital
of the anthryl group (highest-energy occupied molecular orbital (HOMO)) to p(B)
(lowest-energy unoccupied molecular orbital (LUMO)): n(aryl)-p(B) CT. On the basis
of the report, Kitamura et al. have investigated the solvent dependences of the
absorption/fluorescence spectral®® and the electro-absorption/fluorescence of TAB,"]
and revealed experimentally that these spectroscopic features are derived from n(aryl)—
p(B) CT. The results demonstrated that p(B) in a triarylborane derivative plays an
essential role in its spectroscopic and excited-state properties. Furthermore, owing to the
presence of the electron-accepting p(B) and bulky aryl groups, a small Lewis base (e.g.,
fluoride or cyanide ion) can bind p(B) selectively, and the absorption/fluorescence

spectra of a triarylborane derivative change drastically upon binding with the Lewis

base_[Q&lOO]
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Figure 1-4. Absorption (broken curves) and fluorescence (solid curves) spectra of TAB
(red) and anthracene (black) in THF. Inset: chemical structure of TAB.

A choice of the aryl groups would result in further characteristics of the
spectroscopic and photophysical properties of a triarylborane derivative. Therefore, a
variety of triarylborane derivatives have been hitherto reported aiming at anion
sensors,[%-1%1 jon/electron conduction materials,[1%4-1%81 |ight-emitting materials*%®-111
and so forth.[**2 1151 For examples, Kitamura et al. have reported that a triarylborane
derivative connecting the boron atom with electron-donating N,N-dimethylaminophenyl
groups via triple bonds (TMAB in Chart 1-2), which is synthesized by Yamaguchi et al.
in 2000, shows huge fluorescent solvatochromism from blue to red and possesses
the extremely large electric dipole moment in the singlet excited state (~60 D (1 D =
3.34 x 103 Cm)).["'71 A cross-shaped triarylborane derivative (BNPhB in Chart 1-2)
reported by Zhao et al. shows extremely intense emission (®em = 0.98 or 0.43 in toluene
or THF, respectively), and its emission color drastically changes from yellow to blue by
adding a fluoride ion in THF.I*® Interestingly, BNPhB is sensitive to a fluoride ion even

in a poly(methyl methacrylate) film. Furthermore, Saito et al. reported a triarylborane

-10 -



derivative in which a boron atom was sit in a fully-fused polycyclic n-conjugated
skeleton (ThAB in Chart 1-2).['%1 In a pyridine/THF mixture (1/15, v/v), ThAB shows

unique thermochromic behaviors due to the temperature-dependent Lewis acidity and

resulting ligation/dissociation of pyridine with ThAB.

TMAB [116.117) BNPhB [115] ThAB![119]

Chart 1-2. Chemical structures of triarylborane derivatives.

1-4: Transition Metal Complexes Having Arylborane Units

The spectroscopic and photophysical properties of an MLCT-type transition
metal complex are highly dependent on the electronic structures of the ligand(s).
Therefore, chemical decorations of a complex by a triarylborane unit(s) would be a
fascinating choice to control the excited-state characteristics of the complex. In a
transition metal complex possessing a triarylborane-appended ligand, the m(aryl)-p(B)
CT transition in the triarylborane moiety is expected to synergistically participate in the
MLCT transition in the metal-complex moiety and, as a result, the complex will show
intriguing spectroscopic and excited-state properties. In 2006, Kitamura et al. have
reported that the platinum(ll) complex having a 4'-{p-(dimesityl)borylphenyl}-
2,2".6',2"-terpyridine ligand ([Pt(Btpy)CI]* in Chart 1-3), the first arylborane-transition

metal complex, exhibits the emission in CHCIs at room temperature (®em = 0.011), in

-11 -



contrast to nonluminescent nature of an unsubstituted reference complex ([Pt(tpy)CD]*
(tpy = 2,2"6',2"-terpyridine)) in solution at room temperature.['?° Later on, several
research groups have reported transition metal complexes (platinum(ll),[t?-1%l
iridium(111),B22271300 rythenium(11),1351331 copper(1),1*2Y and so onl*3+-1%1) pearing an
arylborane unit(s) on ligand(s). Wang et al. reported that [Cu(Bnpa)(PPhs)2]" in Chart
1-3 showed extremely intense emission in the crystalline phase (®em = 0.88), in which
the MLCT excited state was stabilized in energy than the ligand-centered excited state
by an introduction of a (dimesityl)boryl group to the periphery of the ligand.[*?%
Furthermore, Kitamura et al. reported the cyclometalated iridium(l11) complex having
(dimesityl)boryl groups (fac-[Ir(Bppy)s] in Chart 1-3) also showed the large molar
absorption coefficient (¢ = 5.8 x 10* M*cm™ (M = mol/dmq) at 379 nm in THF) and
brilliant green emission (®em = 1.0).°M Since density functional theory (DFT)
calculations suggested that HOMO and LUMO of fac-[Ir(Bppy)s] are localized on the
iridium and boron atoms, respectively, the excited state of the complex was assigned to
metal-to-boron CT (MBCT) in character. In the excited states of arylborane-transition
metal complexes, n(aryl)-p(B) CT in the triarylborane moiety synergistically interacts
with the MLCT in the metal-complex moiety owing to the electron-withdrawing ability
of the triarylborane unit and, thus, such synergistic MLCT/n(aryl)-p(B) CT interactions
influence greatly the excited-state characteristics of the complex such as excited-state

switching and an enhanced transition dipole moment.
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Chart 1-3. Chemical structures of arylborane-transition metal complexes.

As remarkable examples of arylborane—ruthenium(ll) complexes, Sakuda et al.
reported [Ru(phen)s]?* (phen = 1,10-phenanthroline) derivatives bound to an arylborane
unit by a triple bond at the 4- or 5-position of the phen ligand (4RuB or 5RuB,
respectively; in Chart 1-4). The MLCT absorption band of 4RuB (1abs = 473 nm and &473
= 2.6 x 10* Mtcm™ in CH3CN) was lower in energy and more intense than that of
[Ru(phen)s]®* (Aabs = 445 nm and esss = 1.7 x 10* M~ecm™). Furthermore, both 4RuB
and 5RuB show low-energy, intense and long-lived emission in CH3CN (1em = 681 nm,
®em = 0.11 and zem = 12 ps for 4RuB, Aem = 607 NnM, ®em = 0.11 and zem = 1.2 ps for
5RuB) compared to [Ru(phen)s]?* (Aem = 599 nm, ®em = 0.045 and zem = 0.42 ps).[*3
Such low-energy and long-lived emission from 4RuB or 5RuB was explained by
stabilization of the emitting excited state by the strong synergistic MLCT/a(aryl)-p(B)
CT interactions and subsequent decrease in the contribution of the nonemitting 3dd*
states to excited-state decay. An introduction of the arylborane unit to the 4-position of a
phen ligand influenced more largely on the absorption and emission properties of the
complex than that to the 5-position of phen, suggesting more effective interactions

between MLCT and =n(aryl)-p(B) CT in 4RuB. These results demonstrate that an
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introduction of the arylborane unit(s) to a polypyridyl ruthenium(ll) complex greatly
affects the spectroscopic/photophysical properties of the complex and that molecular
design to maximize the synergistic MLCT/n(aryl)-p(B) CT interactions is very

important.
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Chart 1-4. Chemical structures of 4RuB and 5RuB.[**!
1-5: Purposes and Contents of the Thesis
As described in the preceding sections, theoretical aspects into the

photophysical properties of phosphorescent transition metal complexes are not
sufficient enough in the present stage of the investigations and polypyridyl
ruthenium(ll) complexes are ideal targets of the relevant study. Furthermore, the
emission quantum yields of ruthenium(Il) complexes hitherto reported are still low and
the development of highly-emissive polypyridyl ruthenium(l1) complexes is of primary
importance. Owing to the presence of the vacant p-orbital on the boron atom (p(B)) in a
triarylborane, a class of transition metal complexes having a triarylborane group(s) in
the periphery of the ligand(s) shows fascinating excited-state properties, characterized

by the synergistic interactions between MLCT in the metal-complex moiety and
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n(aryl)-p(B) CT in the triarylborane group: synergistic MLCT/n(aryl)-p(B) CT.[3l
Therefore, further understanding of the arylborane effects on the spectroscopic and
photophysical properties of the complexes are of primary importance.

The present study targets the synthetic modulation of the spectroscopic and
photophysical properties of polypyridyl ruthenium(ll) complexes by an introduction of
an arylborane unit(s). On the basis of the systematic studies on ruthenium(Il) complexes
by varying the diimine- and ancillary-ligand structures and the number of the arylborane
unit in the diimine-ligand(s), the spectroscopic and photophysical properties of the
complexes are discussed in detail. Although the phosphorescent process is affected by
the degrees of mixing between S; and Ty characters, intense emission from arylborane—
ruthenium(Il) complexes should be explained by theoretical aspects such as the
Strickler—Berg relation®® which demonstrates a positive correlation between absorption
and emission properties. Such a relation is scarcely studied for phosphorescent
compounds, despite the relation is widely accepted for fluorescent organic compounds.
Therefore, the total understanding of the Strickler—Berg relation and mixing between S;
and Ti characters in a transition metal complexes will provide the new synthetic
strategy for bright (i.e., large absorption and emission efficiencies) and long-lived
emissive transition metal complexes. In the arylborane—ruthenium(Il) complexes, a
(dimesityl)boryldurylethynyl (DBDE) group is employed as an arylborane unit since the
DBDE group is chemically-stable owing to the presence of the bulky methyl groups in
the mesityl and durylene moieties and, the ethynylene moiety would maximize the
synergistic MLCT/n(aryl)-p(B) CT interactions by reducing the dihedral angle between
the durylene and diimine-ligand moieties. A DBDE group(s) was introduced to the 4

and/or 4'-position(s) of bpy or 4,7-positions of phen to realize effective MLCT/n(aryl)—
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p(B) CT interactions originated from the linear arrangement between the dipole
moments of the MLCT (i.e., Ru-N bond) and =n(aryl)-p(B) CT transitions (i.e.,
durylene-B bond) as demonstrated by more effective MLCT/z(aryl)-p(B) CT

interactions in 4RuB relative to those in 5RuB.

The thesis consists of five chapters as described briefly below.

In Chapter 1, the research background and purpose of the thesis are described.
As the key aspects into the present study, the examples of emissive transition metal
complexes, polypyridyl ruthenium(ll) complexes, triarylborane derivatives and
transition metal complexes having an arylborane unit(s) are overviewed. As the
theoretical back ground for designing bright and long-lived emissive ruthenium(ll)
complexes, the Strickler—Berg relation for a fluorescence transition of a molecule and
the role of excited singlet-triplet mixing for a phosphorescence transition in a transition
metal complex are also introduced briefly in this chapter.

In Chapter 2, the synthesis and the electrochemical, spectroscopic, and
photophysical properties of a series of the novel [Ru(bpy)s]*" derivatives having
multiple arylborane units ([Ru(Bz2bpy)n(bpy)s-n]?* (2a: n =3, 2b: n =2, 2¢: n = 1) and
[Ru(Bbpy)n(bpy)s-n]?* (2a": n = 3, 2b": n = 2, 2¢": n = 1): for the structures, see Chart
1-5) are described. The complexes, 2a—c and 2a'-c’, showed intense absorption and
intense/long-lived emission due to the synergistic MLCT/n(aryl)-p(B) CT interactions.
Furthermore, the ®em values of 2a—c and 2a'—c" increased with an increase in n for both
2a—C and 2a'—c' series. In particular, 2a showed extremely intense emission with ®em =
0.43. One of the important findings of the study is the increase in the emLcT values of

2a—2c and 2a'-c' with that in n, and the increase in emLct of the complex brings about
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an increase in kr. The positive correlations between k; and emLct observed for 2a—2c and
2a'-c' resemble with the Strickler—Berg relation for the fluorescence transition of a
molecule. These results are essentially due to the synergistic MLCT/n(aryl)—p(B) CT
interactions in the emitting excited states of 2a—c and 2a‘'—c’, as demonstrated by the
electrochemical, spectroscopic/photophysical, and time-dependent DFT (TD-DFT)
calculation studies.

In Chapter 3, the synthesis and the spectroscopic/photophysical properties of a
novel homoleptic ruthenium(Il) complex having DBDE groups at the 4- and 7-positions
of the phen ligands in [Ru(phen)s]?>" ([Ru(Bzphen)s]**: 3a, see structure in Chart 1-5)
were described in special references to the diimine ligand structure effects on the
properties by comparing the data on 3a with those on 2a. Since 3a shows
simultaneously intense visible absorption, high ®em, and long zem, the diimine-ligand
structure in a complex is one of the important factors to characterize the synergistic
MLCT/n(aryl)-p(B) CT interactions of the complexes.

In Chapter 4, the synthesis and the spectroscopic/photophysical properties of
novel heteroleptic arylborane—ruthenium(ll) complexes having a series of ancillary
ligands L' ([Ru(Bzbpy)L'"2]*": 4dpbpy (L' = 4,4'-ph2-bpy), 4dmbpy (L' = 4,4'-me2-bpy),
4dpphen (L' = 4,7-phz-phen), 4dmphen (L' = 4,7-mez-phen), 4phen (L' = phen): see
Chart 1-5) were described focusing on the ancillary-ligand effects on the properties. The
MLCT absorption/emission energies of [Ru(Bzbpy)L'2]** is shown to be manipulated
synthetically by the electron donating ability of the ancillary ligand(s). As the results of
T-dependences of the emission lifetimes and Strickler—Berg-type analysis, furthermore,
it is revealed that the photophysical properties of [Ru(Bzbpy)L2]** can be also

manipulated by the choice of an ancillary-ligand in the complex.
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In Chapter 5, the principal conclusions and future perspective of the study are

summarized.
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4dpbpy (-X = -CgHs),
4dmbpy (-X = -CH3)
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i »
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N/ \N
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2a'-c' (n=3-1)
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<<N\2 f/N>>
X X /o

4dpphen (-X = -CgH5),
4dmphen (-X = -CH;),
4phen (-X = -H)

0w

2+

Chart 1-5. Chemical structures and abbreviations of the arylborane—ruthenium(ll)

complexes developed in this thesis.
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Chapter 2: Spectroscopic and Photophysical Properties of
Tris(2,2'-bipyridylruthenium(ll) Complexes Having  Multiple
Arylborane Units

2-1: Introduction

This study targets the synthetic modulation of the spectroscopic and
photophysical properties of polypyridyl ruthenium(ll) complexes by focusing on a
triarylborane substituent(s) in the periphery of the diimine ligand(s). Owing to the
presence of the vacant p-orbital on the boron atom (p(B)) in a triarylborane, a class of
transition metal complexes having a triarylborane group(s) in the periphery of the
ligand(s) shows fascinating excited-state properties, characterized by the synergistic
interactions between MLCT in the transition metal complex and n(aryl)-p(B) CT in the
triaryloorane group: synergistic MLCT/n(aryl)-p(B) CT.[*®1 As a typical example, a
[Ru(phen)s]?* (phen = 1,10-phenathroline) derivative having a (dimesityl)borylduryl-
ethynyl (DBDE) group at the 4- (4RuB) or 5-position of one of the three phen ligands
(5RuB) shows intense MLCT absorption/emission and long-lived excited state
compared to [Ru(phen)s]?*? as described in Chapter 1. Since a triarylborane unit is
one of the fascinating choices for chemical decoration of transition metal complexes,
further understanding of arylborane effects on the spectroscopic and photophysical
properties of the complexes are of primary importance toward the molecular design for
future photofunctional materials.

In this chapter, the synthesis and the electrochemical, spectroscopic, and
photophysical properties of a series of novel [Ru(bpy)s]>* (bpy = 2,2'-bipyridine)

derivatives having multiple arylborane units ([Ru(Bzbpy)a(bpy)s-n]** (2a: n = 3, 2b: n
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=2, 2¢c: n = 1; B2bpy = 4,4'-(DBDE),-bpy) and [Ru(Bbpy)a(bpy)s-n]*>* (2a": n =3, 2b":
n=2,2c" n=1; Bbpy = 4-DBDE-bpy), see Chart 2-1) are described. On the basis of a
systematic control of the number of the arylborane unit in a ligand and/or complex, the
intra- and inter-ligand electronic interactions between the arylborane units in the
ground- and excited-state complex as well as the electronic interactions between the
[Ru(bpy)s]?* and arylborane moieties were evaluated in detail. It is worth emphasizing
that, although a variety of the transition metal complexes bearing a
triarylborane-appended ligand have been reported™2% as mentioned in Chapter 1, the
complex having multiple arylborane-substituted polypyridyl ligands (i.e., multiple
borane centers in multiple ligands in a complex) has never been reported. Therefore,
the present works are worth conducting in detail for further advances in the relevant

researches.

o4

»

/ \

<CHND>3—n

2a—c (n=3-1) 2a'-c' (n=3-1)

Chart 2-1. Chemical structures of 2a—c and 2a'—c".

2-2: Experiments and Methodologies
2-2-1: Synthesis

The synthetic routes to 2a-c and 2a'-c' are shown in Scheme 2-1. A
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hexafluorophosphate (PFs~) ion was used as the counterions of the complexes since the
PFs salt of [RuLs]?* (L = diimine) is highly soluble in polar organic solvents.

All of the complexes were successfully synthesized by the
palladium-catalyzed Sonogashira—Hagihara cross-coupling reactions  between
(ethynylduryl)dimesitylborane (EDDB) and the relevant bromo-substituted precursor
complexes, [Ru(4,4'-Brz-bpy)n(bpy)s-n](PFe)2 or [Ru(4-Br-bpy)n(bpy)s-n](PFe)2 (n =
1-3; 4,4'-Br2-bpy = 4,4'-dibromo-2,2'-bipyridine, 4-Br-bpy = 4-bromo-2,2'-bipyridine),
similar to the synthetic procedures for 4RuB.!?! The spectroscopic and photophysical
purities of the complexes were confirmed by single-exponential emission decay in
CH3CN at 298 K in addition to the typical characterization methods described later.
The enantiomers and diastercomers (A-/A- isomers around a ruthenium(ll) ion and a
boron atom) of 2a—c and 2a'-c' were not separated since the emission decay curves
could be analyzed by single-exponential functions. The results demonstrate that, even
if the isomers of the complexes are present, they do not affect their photophysical
properties of the complexes. While it is expected that 2a' and 2b" also possess
facial/meridional isomers as suggested by the complicated proton signals of the
pyridine rings in the *H-NMR spectra, they have not been separated due to the same
reason with that mention above.

EDDB was prepared according to the literature.[*l All of other chemicals were
purchased from Wako Pure Chemical Ind. Ltd., Kanto Chemical Co. Inc., or Tokyo
Chemical Ind. Co. Ltd. and used as supplied. [Ru(bpy)s](PFs)2 as a reference complex
was prepared by adding a saturated aqueous ammonium hexafluorophosphate solution
(NH4PFs(aq)) to an aqueous solution of [Ru(bpy)s]Cl> (Sigma—Aldrich Co. LLC).

Column chromatography was carried out by using an aluminum oxide 90 standardized
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(Merck, Al,Oz), GE Healthcare Sephadex LH-20 or Recycling Preparative HPLC
(Japan Analytical Industry Company, LC-9201) with a JAIGEL-1H gel-permeation
chromatography (GPC) column equipped with UV-3740 UV/Vis and RI-50s RI
detectors. 'H NMR spectra were recorded on a JEOL JME-EX270 FT-NMR system
(270 MHz). The chemical shifts of the spectra determined in CD3CN were given in
ppm, with tetramethylsilane being an internal standard (0.00 pm). Electrospray
ionization (ESI) mass spectra were recorded on a Waters micromass ZQ spectrometer.
Elemental analyses were conducted in the Instrumental Analysis Division, Equipment

Management Center, Creative Research Institution, Hokkaido University.
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Scheme 2-1. Synthetic routes for the PFs~ salts of the complexes: (i) 1,5-cyclooctadiene, ethanol, 80°C, 45 h, (ii) 4,4'-Bro-bpy or bpy,
o-dichlorobenzene, 160°C, 2 h, (iii) 4,4'-Brz-bpy or bpy, ethanol/water, 80°C, 5 h, (iv) 4-Br-bpy or bpy, o-dichlorobenzene, 160°C, 2 h,
(v) 4-Br-bpy or bpy, ethanol/water, 80°C, 5 h, (vi) EDDB, Pd(PPhs)2Cl., Cul, NEt3, CHsCN/THF, 50°C, 4 h.



Synthesis of Dichlorido(1,5-cyclooctadiene)ruthenium(ll) ([Ru(COD)ClIz]). The
synthesis was performed by the reported procedures with some modifications.[?]
1,5-Cyclooctadiene (COD, 12 mL, 97 mmol) was added to a suspension of
RuCl3-nH20 (2.0 g, 7.7 mmol) in ethanol (50 mL). The mixture was heated at reflux
temperature (80°C) for 45 h and, then, allowed to cool to room temperature. The
resulting precipitates were collected by filtration, and washed with ethanol (30 mL x 2),
affording [Ru(COD)ClI2]. as brown powders (2.2 g, 100%). This compound was used

in the following step without any purification and identification.

Synthesis of cis-Dichloridobis(4,4'-dibromo-2,2'-bipyridine)ruthenium(ll) (cis-
[Ru(4,4'-Brz-bpy)2Cl2]). The synthesis was performed by the reported procedures with
some modifications.’?? A suspension of [Ru(COD)Cl;]» (100 mg, 0.36 mmol on the
basis of the ruthenium atom) and 4,4-Br>-bpy (220 mg, 0.72 mmol) in
o-dichlorobenzene (10 mL) was heated at reflux temperature (160°C) for 2 h. After
cooling the suspension, the reaction mixture was added into diethyl ether (60 mL) and
stirred for 30 minutes. The resulting precipitates were collected by filtration, affording
cis-[Ru(4,4'-Br2-bpy)2Cl2] as black powders (260 mg, 92%). This compound was used

in the following step without any purification and identification.

Synthesis of cis-Bis(2,2'-bipyridine)dichloridoruthenium(ll) (cis-[Ru(bpy)2Cl2]).
The complex was synthesized similar to the synthesis of cis-[Ru(4,4'-Brz-bpy).Cl.] by
heating a suspension of [Ru(COD)CI;]» (150 mg, 0.53 mmol) and bpy (170 mg, 1.1
mmol) in o-dichlorobenzene (10 mL), giving cis-[Ru(bpy)2Cl2] as black powders (210

mg, 81%). This compound was used in the following step without any purification and
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identification.

Synthesis of cis-Bis(4-bromo-2,2'-bipyridine)dichloridoruthenium(ll) (cis-[Ru-
(4-Br-bpy)2Cl2]). The complex was synthesized similar to the synthesis of
cis-[Ru(4,4'-Br2-bpy).Cl2] by heating a suspension of [Ru(COD)CI;]» (100 mg, 0.36
mmol) and 4-Br-bpy (170 mg, 0.72 mmol) in o-dichlorobenzene (10 mL), giving
cis-[Ru(4-Br-bpy).Cl] as black powders (180 mg, 78%). This compound was used in

the following step without any purification and identification.

Synthesis of Tris(4,4'-dibromo-2,2'-bipyridine)ruthenium(ll) Bis(hexafluoro-
phosphate) ([Ru(4,4'-Brz-bpy)s](PFs)2). The synthesis was performed by the reported
procedures with some modifications.*] A suspension of cis-[Ru(4,4'-Br2-bpy).Cl.] (94
mg, 0.12 mmol) and 4,4'-Br.-bpy (110 mg, 0.35 mmol) in 120 mL of an ethanol/water
mixture (1/1, v/v) was heated at 80°C for 5 h. After cooling to room temperature,
ethanol was removed under reduced pressure. The insoluble residues were removed by
filtration, and an excess amount of an NH4PFg(aq) solution was added to the filtrate.
The resulting precipitates were collected and purified by column chromatography
(Al203, CH3CN/CHCI3 (1/1, v/v)). The crude product was dissolved in a minimum
amount of acetone and, then, an excess amount of n-hexane was added dropwise to the
solution, giving [Ru(4,4'-Br2-bpy)s](PFs)2 as red powders (110 mg, 69%). *H NMR
(270 MHz, CDsCN, TMS) d/ppm 8.73 (6H, d, J = 1.9 Hz, 3,3-Ar-H of 4,4-Br-bpy),
7.63 (2H, d, J = 2.4 Hz, 6,6'-Ar-H of 4,4'-Br,-bpy), 7.61 (4H, d, J = 2.4 Hz, 6,6'-Ar-H
of 4,4'-Bry-bpy), 7.55 (4H, s, 5,5-Ar-H of 4,4'-Br.-bpy), 7.53 (2H, s, 5,5-Ar-H of

4,4-Bra-bpy); MS (ESI) m/z 521.8 (calcd for [M—2PFe]?* (CaoH1sNsBrsRU): 521.5).
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Synthesis  of  (2,2'-Bipyridine)bis(4,4’-dibromo-2,2'-bipyridine)ruthenium(ll)
Bis(hexafluorophosphate) ([Ru(4,4'-Br2-bpy)2(bpy)](PFs)2). The complex was
synthesized similar to the synthesis of [Ru(4,4'-Br:-bpy)s](PFe)2 by heating a
suspension of cis-[Ru(4,4'-Br-bpy).Cl2] (100 mg, 0.13 mmol) and bpy (39 mg, 0.25
mmol) in 120 mL of an ethanol/water mixture (1/1, v/v), giving [Ru(4,4'-Bro-bpy)2-
(bpy)](PFe)2 as red powders (79 mg, 51%). *H NMR (270 MHz, CDsCN) &/ppm 8.73
(4H, s, 3,3-Ar-H of 4,4-Br.-bpy), 8.48 (2H, d, J = 7.9 Hz, 3,3-Ar-H of bpy),
8.12-8.02 (2H, m, 4,4-Ar-H of bpy), 7.71 (2H, d, 6,6'-Ar-H of 4,4'-Br.-bpy),
7.64-7.55 (6H, m, 5,5',6,6'-Ar-H of 4,4'-Br-bpy and 6,6-Ar-H of bpy), 7.49 (6H, d, J
= 6.2 Hz, 5,5'-Ar-H of 4,4'-Br,-bpy), 7.44-7.37 (6H, m, 5,5'-Ar-H of bpy)); MS (ESI)

m/z 443.0 (calcd for [M—2PFs]?* (CoH20NsBraRU): 442.6).

Synthesis  of  Bis(2,2'-bipyridine)(4,4'-dibromo-2,2'-bipyridine)ruthenium(ll)
Bis(hexafluorophosphate) ([Ru(4,4'-Brz2-bpy)(bpy)2](PFs)2). The complex was
synthesized similar to the synthesis of [Ru(4,4'-Br2-bpy)s](PFe)2 by heating a
suspension of cis-[Ru(bpy)2Clz] (100 mg, 0.21 mmol) and 4,4'-Br>-bpy (130 mg, 0.41
mmol) in 220 mL of an ethanol/water mixture (1/1, v/v), giving [Ru(4,4'-Br2-bpy)-
(bpy)2](PFe)2 as red powders (140 mg, 67%). *H NMR (270 MHz, CDsCN) ¢/ppm 8.74
(2H, s, 3,3-Ar-H of 4,4'-Br-bpy)), 8.49 (4H, d, J = 8.2 Hz, 3,3-Ar-H of bpy),
8.11-8.01 (4H, m, 4,4-Ar-H of bpy), 7.75 (2H, d, J = 5.6 Hz, 6,6'-Ar-H of bpy), 7.67
(2H, d, J = 57 Hz, 6,6-Ar-H of bpy), 7.60-7.53 (4H, m, 55'6,6-Ar-H of
4,4-Bra-bpy)), 7.45-7.35 (4H, m, 5,5-Ar-H of bpy)); MS (ESI) m/z 363.6 (calcd for

[M—2PFe]?* (CaoH22NsBr2RU): 363.7).
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Synthesis  of  Tris(4-bromo-2,2'-bipyridine)ruthenium(ll)  Bis(hexafluoro-
phosphate) ([Ru(4-Br-bpy)s](PFs)2). The complex was synthesized similar to the
synthesis of [Ru(4,4'-Br2-bpy)s](PFs). by heating a suspension of cis-[Ru(4-Br-bpy)2-
Cl2] (120 mg, 0.19 mmol) and 4-Br-bpy (88 mg, 0.37 mmol) in 200 mL of an
ethanol/water mixture (1/1, v/v), giving [Ru(4-Br-bpy)z](PFe)2 as red powders (120 mg,
58%). 'H NMR (270 MHz, CDsCN, TMS) ¢/ppm 8.72 (3H, s, 3-Ar-H of 4-Br-bpy),
8.50 (3H, d, J = 8.2 Hz, 3-Ar-H of 4-Br-bpy), 8.08 (3H, t, J = 8.4 Hz, 4-Ar-H of
4-Br-bpy), 7.81-7.67 (4H, m, 6,6'-Ar-H of 4-Br-bpy), 7.62-7.56 (4H, m, 5,5',6,6-Ar-H
of 4-Br-bpy), 7.51-7.40 (4H, m, 5,5'-Ar-H of 4-Br-bpy); MS (ESI) m/z 403.0 (calcd for

[M—ZPF6]2+ (Cs0H21NeBrsRu): 403.2).

Synthesis of (2,2'-Bipyridine)bis(4-bromo-2,2'-bipyridine)ruthenium(ll) Bis-
(hexafluorophosphate) ([Ru(4-Br-bpy)2(bpy)](PFs)2). The complex was synthesized
similar to the synthesis of [Ru(4,4'-Br-bpy)s](PFe)2 by heating a suspension of
cis-[Ru(4-Br-bpy)2Cl.] (54 mg, 0.084 mmol) and bpy (36 mg, 0.23 mmol) in 60 mL of
an ethanol/water mixture (1/1, v/v), giving [Ru(4-Br-bpy)2(bpy)](PFe)2 as red powders
(42 mg, 49%). 'H NMR (270 MHz, CDsCN, TMS) &/ppm 8.72 (2H, s, 3,3-Ar-H of
4-Br-bpy), 8.50 (4H, d, J = 7.6 Hz, 3,3'-Ar-H of bpy), 8.12-8.02 (4H, m, 4,4'-Ar-H of
bpy and 4'-Ar-H of 4-Br-bpy), 7.82-7.64 (5H, m, 6,6'-Ar-H of bpy and 6,6'-Ar-H of
4-Br-bpy), 7.48-7.40 (3H, m, 5,5',6'-Ar-H of 4-Br-bpy), 7.46-7.36 (4H, m, 5,5"-Ar-H
of 4-Br-bpy and 5,5-Ar-H of bpy); MS (ESI) m/z 363.7 (calcd for [M—2PFg]?*

(C30H22NeBr2RuU): 363.7).

Synthesis of Bis(2,2'-bipyridine)(4-bromo-2,2'-bipyridine)ruthenium(ll)  Bis-
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(hexafluorophosphate) ([Ru(4-Br-bpy)(bpy)2](PFs)2). The complex was synthesized
similar to the synthesis of [Ru(4,4'-Br-bpy)s](PFe)2 by heating a suspension of
cis-[Ru(bpy)2Cl2] (67 mg, 0.14 mmol) and 4-Br-bpy (65 mg, 0.28 mmol) in 150 mL of
an ethanol/water mixture (1/1, v/v), giving [Ru(4-Br-bpy)2(bpy)](PFe)2 as red powders
(120 mg, 93%). *H NMR (270 MHz, CD:CN, TMS) &/ppm 8.73 (1H, s, 3,3-Ar-H of
4-Br-bpy), 8.50 (5H, d, J = 7.6 Hz, 3,3-Ar-H of 4-Br-bpy and 3,3'-Ar-H of bpy),
8.12-8.01 (5H, m, 4,4-Ar-H of bpy and 4'-Ar-H of 4-Br-bpy), 7.80-7.67 (5H, m,
6,6'-Ar-H of bpy and 6,6'-Ar-H of 4-Br-bpy), 7.59-7.54 (2H, m, 5'6-Ar-H of
4-Br-bpy), 7.46-7.35 (5H, m, 5,5'-Ar-H of 4-Br-bpy and 5,5'-Ar-H of bpy); MS (ESI)

m/z 324.1 (calcd for [M—2PFg]?* (CsoH23NsBrRu): 324.3).

Synthesis of Tris[4,4'-bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]-
ruthenium(ll) Bis(hexafluorophosphate) (2a(PFs)2). An oven-dried Schlenk tube
was evacuated and filled subsequently with an argon gas. [Ru(4,4'-Br2-bpy)s](PFs)2 (41
mg, 0.031 mmol), Cul (1.7 mg, 0.0089 mmol), and dichloridobis(triphenylphosphine)-
palladium(l1) (Pd(PPhs3)2Cl2, 2.3 mg, 0.0033 mmol) were added to the tube and, then,
the tube was evacuated and filled with an argon gas again. An argon-gas purged
CH3sCN/triethylamine (NEtz) mixture (1.0 mL/0.40 mL) was added to the reaction tube,
and the resulting suspension was stirred at room temperature for 20 min. A
tetrahydrofuran (THF) solution (5.5 mL) of EDDB (110 mg, 0.27 mmol) was then
added dropwise to the reaction mixture. The mixture was stirred at 50°C for 4 h under
argon-gas atmosphere and, then, allowed to cool to room temperature. The insoluble
residues were removed by filtration through Celite® (No. 500), and the filtrate was

evaporated to dryness. The crude product was dissolved in a minimum amount of
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acetone, and the solution was added dropwise to an excess amount of n-hexane, giving
red precipitates. After repeating the reprecipitation procedures three times,
purifications by column chromatography (LH-20, CH3CN/ethanol (1/1, v/v)) followed
by preparative HPLC (GPC, chloroform) afforded 2a(PFs)2 as red powders (53 mg,
52%). 'H NMR (270 MHz, CDsCN, TMS) d/ppm 8.72 (6H, s, 3,3-Ar-H of Bzbpy),
7.74 (6H, d, J = 5.9 Hz, 6,6'-Ar-H of Bzbpy), 7.53 (6H, dd, J = 1.5, 5.9 Hz, 5,5-Ar-H
of Babpy), 6.80 (24H, s, Ar-H of mes), 2.44 (36H, s, CHs, m-positions of duryl groups),
2.24 (36H, s, CHs, o-positions of duryl groups), 2.01 (36H, s, CHs, p-positions of mes
groups), 1.94 (72H, s, CHs o-positions of mes groups); MS (ESI) m/z 1498.4 (calcd for
[M—2PFs]?* (C210H222NeBeRU):  1497.9). Elemental analysis calcd (%) for
Ca10H222NeBsRUP2F12-1.5CHCI3: C 73.31, H 6.50, N 2.43; found: C 73.40, H 6.39, N

2.47.

Synthesis  of  (2,2'-Bipyridine)bis[4,4'-bis{(dimesitylboryl)durylethynyl}-2,2'-
bipyridine]ruthenium(I1) Bis(hexafluorophosphate) (2b(PFs)2). The complex was
synthesized similar to the synthesis of 2a(PFe)> by reacting [Ru(4,4'-Bra-bpy)2-
(bpy)](PFs)2 (39 mg, 0.033 mmol), Cul (2.0 mg, 0.010 mmol), Pd(PPhs).Cl; (2.7 mg,
0.0038 mmol) in CH3CN/NEts (1.1 mL/0.50 mL) and a THF solution (4.0 mL) of
EDDB (81 mg, 0.20 mmol), giving 2b(PFe)2 as red powders (49 mg, 61%). Similar
workup and purification procedures with those for 2a(PFs)2 gave the pure product. *H
NMR (270 MHz, CD3CN) &/ppm 8.70 (4H, d, J = 1.4 Hz, 3,3-Ar-H of Bzbpy), 8.54
(2H, d, J = 8.2 Hz, 3,3-Ar-H of bpy), 8.11 (2H, td, J = 1.4, 8.0 Hz, 4,4'-Ar-H of bpy),
7.83-7.79 (4H, m, 6,6-Ar-H of Bzbpy), 7.71 (2H, d, J = 6.0 Hz, 6,6-Ar-H of bpy),

7.53-7.44 (6H, m, 5,5'-Ar-H of bpy and 5,5'-Ar-H of B:bpy), 6.80 (16H, s, Ar-H of
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mes), 2.44 (24H, s, CHz, m-positions of duryl groups), 2.24 (24H, s, CHs, o-positions
of duryl groups), 2.02 (24H, s, CHa, p-positions of mes groups), 1.94 (48H, s, CHs,
o-positions of mes groups); MS (ESI) m/z 1093.4 (calcd for [M—2PFe]*
(C1s0H156N6BaRuU): 1093.6). Elemental analysis calcd (%) for
C1s50H156NeBsRUP2F12-:2CHCI3: C 67.22, H 5.86, N 3.09; found: C 67.28, H 5.79, N

3.18.

Synthesis  of  Bis(2,2'-bipyridine)[4,4'-bis{(dimesitylboryl)durylethynyl}-2,2'-
bipyridine]ruthenium(l1) Bis(hexafluorophosphate) (2c(PFs)2). The complex was
synthesized similar to the synthesis of 2a(PFe)2 by reacting [Ru(4,4'-Brz-bpy)-
(bpy)2](PFs)2 (51 mg, 0.051 mmol), Cul (2.8 mg, 0.015 mmol), Pd(PPhs).Cl (2.5 mg,
0.0036 mmol) in CH3CN/NEtz (1.6 mL/0.7 mL) and a THF solution (3.0 mL) of
EDDB (60 mg, 0.15 mmol), giving 2c(PFe)2 as red powders (67 mg, 78%). Similar
workup and purification procedures with those for 2a(PFs)2 gave the pure product. *H
NMR (270 MHz, CDsCN) &/ppm 8.69 (2H, d, J = 1.4 Hz, 3,3-Ar-H of Bzbpy)), 8.53
(4H, d, J =8.2 Hz, 3,3'-Ar-H of bpy), 8.08 (4H, m, 4,4'-Ar-H of bpy), 7.82 (2H, dd, J =
1.4, 4.8 Hz, 6,6'-Ar-H of Babpy), 7.72 (4H, d, J = 5.7 Hz, 6,6'-Ar-H of bpy), 7.56-7.38
(6H, m, 5,5'-Ar-H of bpy and 5,5'-Ar-H of Bzbpy)), 6.80 (8H, s, Ar-H of mes), 2.44
(12H, s, CHs, m-positions of duryl groups), 2.25 (12H, s, CHs, o-positions of duryl
groups), 2.02 (12H, s, CHs, p-positions of mes groups), 1.94 (24H, s, CHs, 0-positions
of mes groups); MS (ESI) m/z 689.3 (calcd for [M—2PFs]>* (CooHsoNsB2Ru): 689.3).
Elemental analysis calcd (%) for CooHooNeB2RUP2F12-0.8CHCI3: C 61.83, H 5.19, N

4.76; found: C 61.97, H 5.17, N 4.76.
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Synthesis of Tris[4-{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]ruthenium(ll)
Bis(hexafluorophosphate) (2a’'(PFs)2). The complex was synthesized similar to the
synthesis of 2a(PFs)2 by reacting [Ru(4-Br-bpy)z](PFs)2 (60 mg, 0.055 mmol), Cul (3.0
mg, 0.016 mmol), Pd(PPhz)2Cl> (4.5 mg, 0.011 mmol) in CH3CN/NEtz (1.8 mL/0.70
mL) and a THF solution (5.0 mL) of EDDB (100 mg, 0.25 mmol), giving 2a’'(PFe) as
red powders (50 mg, 51%). Similar workup and purification procedures with those for
2a(PFs). gave the pure product. *H NMR (270 MHz, CD3sCN, TMS) 6/ppm 8.62-8.59
(6H, m, 3,3'-Ar-H of Bbpy), 8.10-8.08 (3H, m, 4-Ar-H of Bbpy), 7.81-7.69 (6H, m,
5,5-Ar-H of Bbpy), 7.50-7.45 (6H, m, 6,6'-Ar-H of Bbpy), 6.80 (12H, s, Ar-H of mes),
2.44 (18H, s, CHs, m-positions of duryl groups), 2.25 (18H, s, CHs, o-positions of
duryl groups), 2.02 (18H, s, CHzs, p-positions of mes groups), 1.93 (36H, s, CHs,
o-positions of mes groups); MS (ESI) m/z 891.2 (calcd for [M—2PFe]*
(C120H123N6B3Ru): 891.5). Elemental analysis calcd (%) for
C120H123N6B3sRuUP2F12-1.1CHCI3: C 65.99, H 5.68, N 3.81; found: C 65.95, H 5.68, N

3.80.

Synthesis of (2,2'-Bipyridine)bis[4-{(dimesitylboryl)durylethynyl}-2,2'-
bipyridine]ruthenium(l1) Bis(hexafluorophosphate) (2b'(PFs)2). The complex was
synthesized similar to the synthesis of 2a(PFs). by reacting [Ru(4-Br-bpy)2(bpy)](PFs)2
(40 mg, 0.039 mmol), Cul (1.3 mg, 0.0068 mmol), Pd(PPh3).Cl, (2.1 mg, 0.0030
mmol) in CH3CN/NEt; (1.3 mL/0.60 mL) and a THF solution (2.4 mL) of EDDB (48
mg, 0.12 mmol), giving 2b'(PFs)2 as red powders (43 mg, 67%). Similar workup and
purification procedures with those for 2a(PFs). gave the pure product. *H NMR (270

MHz, CDsCN, TMS) o/ppm 8.61-8.50 (6H, m, 3,3'-Ar-H of bpy and 3,3-Ar-H of
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Bbpy), 8.11-8.05 (4H, m, 4,4'-Ar-H of bpy and 4'-Ar-H of Bbpy), 7.82-7.68 (6H, m,
6,6'-Ar-H of bpy and 6,6'-Ar-H of Bbpy), 7.48-7.40 (6H, m, 5,5-Ar-H of bpy and
5,5'-Ar-H of Bbpy), 6.81 (8H, s, Ar-H of mes), 2.44(12H, s, CHs, m-positions of duryl
groups), 2.25 (12H, s, CHs, o-positions of duryl groups), 2.02 (12H, s, CHz,
p-positions of mes groups), 1.94 (24H, s, CHgs, o-positions of mes groups); MS (ESI)
m/z 689.2 (calcd for [M—2PFs]** (CooHaoNsB2RU): 689.3). Elemental analysis calcd
(%) for CooHooNeB2RUP2F12:1.4CHCl3: C 59.81, H 5.02, N 4.58; found: C 59.74, H

4.97, N 4.76.

Synthesis of Bis(2,2'-bipyridine)[4-{(dimesitylboryl)durylethynyl}-2,2'-
bipyridine]ruthenium(l1) Bis(hexafluorophosphate) (2c’'(PFs)2). The complex was
synthesized similar to the synthesis of 2a(PFe)2 by reacting [Ru(4-Br-bpy)(bpy).](PFs)2
(100 mg, 0.11 mmol), Cul (3.3 mg, 0.017 mmol), Pd(PPh3)2Cl> (5.6 mg, 0.0080 mmol)
in CH3CN/NEts (3.5 mL/1.4 mL) and a THF solution (3.3 mL) of EDDB (66 mg, 0.16
mmol), giving 2c'(PFs)2 as red powders (57 mg, 41%). Similar workup and
purification procedures with those for 2a(PFs). gave the pure product. *H NMR (270
MHz, CD3CN, TMS) &/ppm 8.59 (2H, s, 3,3-Ar-H of Bbpy), 8.52-8.46 (4H, d, J = 8.1
Hz, 3,3-Ar-H of bpy), 8.11-8.02 (5H, m, 4,4-Ar-H of bpy and 4'-Ar-H of Bbpy),
7.82-7.67 (6H, m, 6,6'-Ar-H of bpy and 6,6'-Ar-H of Bbpy), 7.47-7.37 (6H, m,
5,5-Ar-H of bpy and 5,5'-Ar-H of Bbpy), 6.80 (4H, s, Ar-H of mes), 2.43(6H, s, CHs,
m-positions of duryl groups), 2.25 (6H, s, CHs, o-positions of duryl groups), 2.02 (6H,
s, CHa, p-positions of mes groups), 1.94 (12H, s, CHs, o-positions of mes groups); MS
(ESI) m/z 486.7 (calcd for [M—2PFg]** (CeoHs7NeBRU): 487.2). Elemental analysis

calcd (%) for CeoHs7NeBRUP2F12-CHCl3: C 52.96, H 4.23, N 6.08; found: C 53.00, H
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4.27, N 6.18.

2-2-2: Electrochemical Measurements

Cyclic and differential pulse voltammetries of the complexes in N,N-
dimethylformamide (DMF, for nonaqueous titrimetry, Kanto Chemical Co., Inc.) were
conducted by using a BAS ALS-701D electrochemical analyzer with a three-electrode
system using glassy carbon working, Pt auxiliary, and Ag/Ag* reference electrodes. A
small amount of ferrocene (Fc) was added to sample solutions as an internal standard
for the redox potentials. Tetra-n-butylammonium hexafluorophosphate (TBAPFs, 0.1
M), purified by recrystallizations from ethanol three times, was used as a supporting
electrolyte. The concentration of a complex was set ~0.5 mM. Measurements were
conducted at 25+2°C, and sample solutions were deaerated by purging an argon-gas
stream over 20 min prior to measurements. The potential sweep rate was 100 mV/s in
cyclic voltammetry, and the differential pulse voltammetry was conducted with 50 mV
height pulses (0.06 s duration) being stepped by 4 mV intervals (2.0 s interval between

the two pulses).

2-2-3: Spectroscopic and Photophysical Measurements at Room Temperature
Spectroscopic-grade (Wako Pure Chemical Ind. Ltd.) or Luminasol® (Dojindo
Molecular Technologies, Inc.) CHsCN was used for absorption or emission
measurements, respectively, without further purification. The absorption spectra of the
complexes were measured by using a Hitachi U-3900H spectrophotometer. The
corrected emission spectra of the complexes were measured by using a Hamamatsu

PMA-11 multichannel photodetector (excitation wavelength = 355 nm). The emission
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intensity at each wavelength was corrected for the system spectral response so that the
vertical axis of a spectrum corresponds to the photon number at each wavelength. The
absolute emission quantum yields of the complexes were measured by a Hamamatsu
C9920-02 system equipped with an integrating sphere and a PMA-12 red-sensitive
multichannel photodetector (excitation wavelength = 400 nm).[?4?%1 Emission decay
profiles of the complexes were measured by using a Hamamatsu C4334 streak camera
as a photodetector at 355-nm excitation using a nanosecond Q-switched Nd:YAG laser
(LOTIS TII, Ltd. LS-2137, fwhm ~ 16-18 ns, repetition rate = 10 Hz) as a light source.
For emission spectroscopy, the absorbance of a sample solution was set <0.05 at the
excitation wavelength, and sample solutions were deaerated by purging an argon-gas

stream over 30 min.

2-2-4: Temperature-Controlled Emission Measurements

The emission measurement system described in Section 2-2-3 was employed
for temperature-controlled experiments.

For measurements in 250-330 K, propylene carbonate as a solvent was
distilled prior to use.[?®! The sample temperature was controlled by a liquid-N2 cryostat
(Oxford Instruments OptistatDN2 optical Dewar with a MercuryiTC temperature
controller).

For measurements in 3.5-100 K, a poly(ethyleneglycol)dimethacrylate
(PEG-DMAS550, Scheme 2-2) polymerized monolith was used as a solid-state medium
to minimize the intermolecular interactions between complexes.?’% A PEG-DMA550
liquid monomer (Sigma-Aldrich Co. LLC) was purified to remove the polymerization

inhibitor (4-methoxyphenol) by passing through an alumina column by using acetone
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as an eluent. Residual water/acetone were removed by evaporation under reduced
pressure for over 2 h prior to use. Typically, the acetone solution (3 mL) of a complex
whose absorbance was set ~0.1 at 355 nm and inhibitor-free liquid PEG-DMAS550 (3
mL) was evaporated, and 1 wt% of 2,2'-azobis(2,4-dimethylvaleronitrile) (Wako Pure
Chemical Ind., Ltd.) as a polymerization initiator was added. The solution was poured
into a Pyrex® tube (diameter = 10 mm) and, then, heated at 50°C for 5 h under vacuum,
yielding an optically-transparent PEG-DMAS550 film. The sample temperature was
controlled by a liquid-He cryostat (Oxford Instruments OptistatCF optical Dewar with

an ITC503S temperature controller).
O

O
O/\i/
n
o)
Chart 2-2. Chemical structure of PEG-DMA550 (n = 9).

2-2-5: Time-Dependent Density Functional Theory (TD-DFT) Calculations

Theoretical calculations for the complexes were conducted with Gaussian
09WEH or 16WE? software. The ground-state geometries of the complexes were
optimized by using DFT with the B3LYP function.®3 The LanL2Dz16[4 and
6-31G(d,p)!! basis sets were used to treat ruthenium and all other atoms, respectively.
TD-DFT calculations were then performed to estimate the energies and oscillator
strengths of the 10 lowest-energy singlet absorption transitions. All of the calculations
were carried out as in acetonitrile by using a polarizable continuum model (PCM).E®!

Kohn—Sham molecular orbitals (MOs) were plotted using GaussView 5.0571 or 6.0.[%
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2-2-6: Franck—Condon Analyses of Emission Spectra at Room Temperature
The emission spectra of the complexes were simulated based on one-mode
Franck—Condon analysis, given by eq. 2-1.1394%

EO - th(I)M 3 SMUM V- EO + UMhCl)M 2
I(17)=Z( ) exp|—4In2 —
E, ol ) P Ao/

UM

(eq. 2-1)

In eq. 2-1, I(¥) is the emission intensity at a given wavenumber (cm™) relative to that
of the 0—0 emission transition. Eo is the energy gap between the zeroth vibrational
levels in the ground and emitting excited states, %wwm is the quantum spacing for the
averaged medium-frequency vibrational mode, Sw is the electron—vibrational coupling
constant or Huang-Rhys factor*!] reflecting the extent of the change in the normal
coordinate of the average medium-frequency vibrational modes, and Avo 12 is the full
width at half-maximum of an individual vibronic line in the emission spectrum. The
photon numbers of the emission spectrum were corrected to a wavenumber scale by
using the equation 1(#) = 1(1) x 22421 The parameters Eo, %icwm, Sm, and Avo 1, were
optimized with a least-squares minimization routine by using a Generalized Reduced
Gradient (GRG2) algorithm.™3 The summation in eq. 2-1 was carried out over 11
vibrational levels (vm: 0 — 10). The free-energy content of the triplet excited state (T1)
above the ground state (AGes), the inner- (4i) and outer-sphere reorganization energies
(o) were estimated by eqs. 2-2 and 2-3, respectively, with ks and T being the

Boltzmann constant and absolute temperature, respectively. 44451
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(Mo,l/Z)z

AGgs = E = Ey +-——l
Ges = Eo + 4 0+16kBT1n2

(eq. 2-2)
Ai:SMha)M

(eq. 2-3)

2-3: Results and Discussion
2-3-1: Redox Potentials

Since the DBDE group(s) on the bpy ligand(s) in 2a—c and 2a'-c' would
influence the redox potentials of the complexes due to the electron-accepting ability of
p(B) in DBDE, the electrochemical properties of the complexes have been evaluated.
The cyclic (CVs) and differential pulse voltammograms (DPVs) of 2a—c and 2a’—' in
DMF are shown in Figure 2-1, together with those of [Ru(bpy)s]>* as a reference
complex. The redox potentials of the complexes determined by the peak potentials of
DPVs are summarized in Table 2-1. As seen in Figure 2-1 and Table 2-1, all of the
complexes showed quasi-reversible oxidation waves responsible for the metal
oxidation (Eox) at +0.79—+0.85 V (vs. Fc/Fc*, Ercre+ = +0.634 V vs. Ag/AgCI in DMF
containing 0.1-M TBAPFs[®l). The oxidation potential of the complex was gradually
shifted to the positive direction with an increase in the number of the DBDE group,
indicative of a slight decrease in the electron density on the ruthenium(ll) atom by the
presence of the electron-withdrawing DBDE group(s). On the other hand, all of the
complexes exhibited reversible or quasi-reversible multiple reduction waves originated
from the ligand reductions. The first (Ereq1), second (Ered2), and third reduction waves
(Erea3) represent the sequential reductions of three bpy moieties in the complex. The

Ered1'2,3 Values Of ZafC (Eredl = _146 tO _152 \/, Ered2 = _161 '[0 _183 \/, and Ered3 =
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—-1.83 to —2.06 V) and 2a'—" (Ereq1 = —1.57 to —=1.63 V, Eredq2 = —1.73 to —1.87 V, and
Eredss = —1.96 to —2.12 V) are more positive than the relevant values of [Ru(bpy)s]**
(Ered1 = —1.71 V, Eres2 = —1.90 V, and Ereqs = —2.16 V), demonstrating stabilization of
the m*-orbital energies of the ligands in the complexes owing to the electron-
withdrawing ability of the DBDE group. Furthermore, the increase inn fromn =20 (i.e.,
[Ru(bpy)s]?*) to n = 3 for the 2a—c or 2a'—¢' series rendered a gradual positive shift of
Erea1 from —1.71 to —1.46 V or from —1.71 to —1.57 V, respectively. The results also
demonstrate that, in addition to the stabilization of the n*-orbital energy by electron-
withdrawing nature of the DBDE group(s), electron delocalization over the ligands
also contributes to some extent to the Ered123 Vvalues. Furthermore, Erqd1 of the
complexes having a Bobpy ligand(s) (Eresr = —1.46 to —1.52 V for 2a—c) are more
positive than that of the relevant complexes having a Bbpy ligand(s) (Ereqs1 = —1.57 to
—1.63 V for 2a’—'). Since 2a—c possess the extended m-electron systems via the two
boron centers, the more positive Ereq1 values of the complexes relative to the
corresponding values of 2a'—c" are the reasonable consequence.

It is worth noting, furthermore, that one or two additional reduction wave(s)
(Ereds and Ereds) other than Ereds,2,3 are observed for 2a'—c" or 2a—c, respectively. Since
the reduction currents at Ereqs and Ereds increase with increasing n and the Ereqs value is
almost independent of n at —2.34 to —2.38 V, the fourth reduction wave can be assigned
to the simultaneous reduction of one DBDE group in each Bzbpy or Bbpy ligand(s)
(i.e., 1-3 electron reduction) without an inter-ligand interaction. The fifth reduction
wave, Ereds, observed for 2a—c will be assigned to the reduction of the rest DBDE
group(s), not reduced at Ereds. Since the Ereq1 value is shifted to the positive direction

by the increase in n through delocalization of the electron among the ligands via p(B)
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as mentioned above, Ereqs and Ereqs should show similar behaviors to Ereq1. However,
the Eressa and Eregs are almost independent of n, indicating that the electrostatic

repulsion between the respective electrons also contributes to the Ereds,s values.
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Figure 2-1. CVs (solid curves) and DPVs (broken curves) of 2a-c, 2a'—c' and
[Ru(bpy)s]?* in DMF containing 0.1-M TBAPFs. The vertical-axis scale is 5 pA per
division.
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Table 2-1. Redox potentials of the complexes in DMF containing 0.1-M TBAPFe.
Potential E / V vs. Fc/Fc* 2

red5 red4 red3 red2 redl 0X

2a(n=3) -250 -235 -183 -161 -146 +0.85

2b(n=2) -252 -238 -203 -168 -151 +0.82

2c(n=1) 246 234 -206 -1.83 -152 +0.81

Complex

2a' (n=3) -2.37 -196 -1.73 -157 +0.82
2b' (n=2) -2.38 208 -178 -1.61 +0.81
2c' (n=1) -2.37 -212 -187 -1.63 +0.82
[Ru(bpy)s]** -2.16 -1.90 -1.71 +0.79
2 The values were determined by the peak potentials of DPVs of the
complexes.

The electrochemical behaviors of the complexes suggest that the
highest-energy occupied MO (HOMO) and the lowest-energy unoccupied MO
(LUMO) of the complex are determined primarily by the metal- and ligand-based
molecular orbitals, respectively. To evaluate the detailed HOMOs and LUMOs, DFT
calculations were carried out on 2c, 2¢', and [Ru(bpy)s]?*. The Kohn-Sham MOs are
shown in Figure 2-2, whose details are also summarized in Tables 2-2-2-4. The
HOMO of 2c or 2¢' distributes mainly to the ruthenium(ll) atom (~43%) and the Bobpy
or Bbpy ligand (~51%), while that of [Ru(bpy)s]** is localized on the ruthenium(l1)
atom (~84%). Furthermore, it is worth noting that, as shown in Figure 2-2, only one
DBDE group contributes to HOMO of 2c which is similar to that of 2¢'. Owing to such
MO distributions, the HOMO energy of 2c (—=5.97 eV) is comparable with that of 2¢'
(—5.97 eV).

The LUMOs of both 2c and 2c¢' are localized on the B2bpy and Bbpy ligands
(~71%), respectively, with slight distributions to the DBDE group(s) (18% for 2c and

14% for 2c¢"). These results will be explained by the extended n-electron systems in the

-60 -



DBDE-appended ligands and electron-withdrawing nature of the arylborane unit(s). As
seen in Figure 2-2, the two DBDE groups in 2c contribute to the distribution in LUMO,
while the HOMO distributes to one DBDE group in 2c. Therefore, the LUMO energy
of 2¢ (—2.77 eV) is lower than those of 2¢' (—2.68 eV) and [Ru(bpy)s]?* (—2.58 eV) and,
thus, the first ligand-reduction potential shifts to the positive direction in the sequence
2c (-1.52 V) > 2¢' (-1.63 V) > [Ru(bpy)s]** (-1.71 V) as seen in Scheme 2-2.
Although the data on the DFT calculations are limited only for 2c and 2c¢' owing to the
computational cost, it is expected that DFT calculations on other complexes having
two or three DBDE-substituted ligands would also give similar results to those of the

complexes, 2c and 2c’.
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Figure 2-2. The Kohn-Sham MOs of 2¢, 2¢' and [Ru(bpy)s]?* (contour = 0.02 eA3).
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Table 2-2. Calculated molecular orbitals of 2¢c in CH3CN.

MO Population / %

Mole(_:ular Eigenvalue ) Babpy

Orbital / Hartrees | ruthenium bpy | ethynyl | _duryl boron | mesityl bpy
LUMO+3 | —0.08203 1.14 46.69 @ 1434 | 2112 7.07 9.10 0.54
LUMO+2 | -0.09107 7.20 1.02 0.03 0.01 0.00 0.00 | 91.74
LUMO+1 | -0.09296 4.84 3.27 0.31 0.36 0.06 0.08 | 91.08
LUMO —0.10186 5.19 70.47 7.91 8.03 1.00 1.44 5.96
HOMO —0.21945 44.64 1045 | 1096 @ 2357 0.41 4.38 5.59
HOMO-1 | -0.21950 38.31 10.77 : 1270 | 27.39 0.48 5.08 5.27
HOMO-2 | -0.22750 0.00 0.00 0.05 | 11.44 1.07 : 87.44 0.00
HOMO-3 | -0.22760 0.00 0.00 0.05 | 11.66 1.09 @ 87.20 0.00

Table 2-3. Calculated molecular orbitals of 2¢' in CH3CN.
Molecular | Eigenvalue MO Pop;lsg;n [%

Orbital / Hartrees | ruthenium bpy | ethynyl T duryl boron | mesityl bpy
LUMO+3 | -0.07544 0.97 58.56 587 | 1257 7.26 9.82 4.95
LUMO+2 | -0.09106 7.32 1.00 0.02 0.00 0.00 0.00 | 91.66
LUMO+1 | -0.09314 5.12 6.33 0.55 0.63 0.11 0.14 | 87.12
LUMO —0.09857 4.29 72.02 5.80 6.09 0.84 1.17 9.79
HOMO —0.21947 41.77 1059 | 11.74 | 25.39 0.44 4.67 5.40
HOMO-1 | -0.22685 76.95 5.72 1.35 3.94 0.07 1.31 | 10.66
HOMO-2 | -0.22752 0.05 0.01 005 @ 1141 1.07 | 87.40 0.01
HOMO-3 | -0.23190 76.64 5.19 0.01 0.01 0.00 0.01 | 15.14

Table 2-4. Calculated molecular orbitals [Ru(bpy)s]?* in CHsCN.
Molecular | Eigenvalue MO Population / %

Orbital / Hartrees | ruthenium bpy
LUMO+3 | —0.06572 3.49 96.51
LUMO+2 —0.09111 7.31 92.69
LUMO+1 | -0.09121 7.23 92.77
LUMO —0.09473 1.74 98.26
HOMO —0.22557 83.65 16.35
HOMO-1 | -0.23181 79.58 20.42
HOMO-2 | -0.23185 79.65 20.35
HOMO-3 | -0.27019 0.42 99.58
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Scheme 2-2. Calculated HOMO/LUMO energies (a) and redox potentials (b) of 2c, 2c’,
and [Ru(bpy)s]?*.

2-3-2: Absorption Spectra

Figure 2-3 shows the absorption spectra of the complexes in CH3CN at 298 K.
The absorption maximum wavelengths (4as) and corresponding molar absorption
coefficients (&) are summarized in Table 2-5. Figure 2-3 demonstrates that, in addition
to the relatively narrow and intense bands (¢ > 8 x 10* Mtcm™) at around 290 nm
ascribed to the nn* transitions in the bpy moieties, the complexes, 2a—c and 2a'—c',
show the characteristic absorption bands in 300-400 nm. Since the ¢ value of the band
in 300—400 nm (&300-400) iNncreases linearly with an increase in the number of the DBDE
group in the complex (ng, see Figure 2-4) and the spectral band shape resembles with
that observed for a tricarbonyl rhenium(l) complex having a Bzbpy or Bbpy ligand,[>®!

the band observed for 2a—c and 2a'-c' in 300—400 nm can be assigned to the ligand-
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centered (LC) absorption: superposition of the nn* transition in the durylethynyl-bpy
moiety and the n(aryl)-p(B) CT transition in the B2bpy or Bbpy ligand(s).

An introduction of the DBDE group(s) to the bpy ligand in [Ru(bpy)s]?* also
affected the *MLCT absorption band observed in 4 > 400 nm. The complex having a
Bobpy or Bbpy ligand(s) showed a low-energy and intense *MLCT absorption
compared to [Ru(bpy)s]?*. The low-energy shift of the tMLCT band relative to that of
[Ru(bpy)s]?* is reasonably explained by the stabilization of LUMO by the presence of
the DBDE group(s) as suggested by the electrochemical data and DFT calculations.
The relationship between the absorption and redox potentials of the complex can be
evaluated by the plot between the MLCT absorption maximum energy (Eans) and the
difference in the redox potentials (Eox — Ereq1). The Eaps value of a [RuLs]*-type
complex (L = diimine ligand), in general, correlates proportionally to the (Eox — Ered1)
value as a measure of the energy difference between HOMO and LUMO.*' In practice,
Tazuke et al. have reported the linear relationship between Eaps and (Eox — Ered1) for
several [Ruls]?* complexes as the data are shown in Figure 2-5.471 It is worth noting
that the data on 2a—c and 2a'—c" also fall on the proportional relationship between Eaps
and (Eox — Ered1) reported by Tazuke et al. as seen in Figure 2-5, with the slope value
being ~1.08 eV/V (r = 0.9998). Since the effects of the DBDE group(s) on Ereq1 are
much larger than those on Eox as described before, the lower-energy MLCT absorption
of 2a—c and 2a'—c' compared to that of [Ru(bpy)s]?* is responsible for the stabilization

of the n*(bpy)-orbital energy through the n(aryl)—p(B) CT interaction.
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Figure 2-3. Absorption spectra of the complexes (2a—c (a) and 2a'-c" (b)) in CH3CN at
298 K.
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Table 2-5. Absorption features of the complexes in

CH3CN at 298 K.

Complex Jabs! nm (g / 10* M~tem™)
2a(n=3)  311(114) 375(15.5) 488 (5.6)
2b(n=2) 294( 7.8) 375( 9.3) 492 (3.4)
2c(n=1) 289( 8.2) 371(57) 481(2.4)
2a'(n=3) 292(83) 364(94) 471(4.2)
2b' (n=2) 289( 8.0) 364( 6.3) 469 (3.0)
2¢'(n=1) 288( 8.0) 363( 3.3) 461 (2.1)
[Ru(bpy)s]** 287 ( 8.2) 451 (1.3)
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Figure 2-4. Relationship between &300-400 and ng of 2a—c and 2a'-c'. The green line
represents the linear regression for the plot.
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Figure 2-5. Relationship between the Eaps and (Eox — Ered1) values of ruthenium(ll)
complexes. Blue open boxes represent the data on the [RulLs]?* complexes reported by
Tazuke et al. (L = 2-(2-pyridyl)pyrimidine (1), 4-methyl-2-(2-pyridyl)pyrimidine (2),
5-phenyl-2-(2-pyridyl)pyrimidine (3), 2,2"-bipyrimidine (4), 6-methyl-4-(2-pyridyl)-
pyrimidine (5), 6-phenyl-4-(2-pyridyl)pyrimidine (6), 6,6'-dimethyl-4,4'-bipyrimidine
(7), 2,2-bipyrazine (8), 3,3'-bipyridazine (9), 4,4'-dimethyl-bpy (10), phen (11)) in
CH3CN at 298 K whose data were taken from [47]. The data on 2a—2c and 2a'-2c’ are
taken from Tables 2-1 and 2-5. The green line represents the linear regression between
Eabs and (Eox — Ered1), Of which the intercept has been fixed at 0 eV.
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The intense *MLCT absorption is an another important aspect into the
spectroscopic properties of 2a—c and 2a'—c’ not observed for those of [Ru(bpy)s]?*, and
the ¢ value of the MLCT band (emvcT) of the complex increases with an increase in n in
[Ru(B2bpy)n(bpy)s-n]?* or [Ru(Bbpy)n(bpy)s-n]?* (n = 0-3) as seen in Figure 2-3 and
Table 2-5. Although an increase in the ¢ value of the LC band in 300-400 nm with n is
the reasonable consequence, those in emLct of 2a—C and 2a'—c' are very extraordinary.
Since the results similar to those of 2a—c and 2a'—c' have also been confirmed for
4RuB and 5RuB, the enhancement of the ¢(MLCT) values of 2a—c and 2a'—c'
compared to that of [Ru(bpy)s]** is due essentially to the synergistic MLCT/
n(aryl)—p(B) CT interactions.

The oscillator strength of an absorption band (f) is proportional to the square

of the absorption transition moment (]\7) as given in egs. 2-4 and 2-5.14%

o(j - d~ _ 2T[NA |M|2
o | e@)dv = o007eD n 10

(eq. 2-4)
|1‘7i | = (Parrle Zn o | WPeri X\ Woin | Poivi) = TEN(Pyin | Puin,i)

(eq. 2-5)

In eq. 2-4, ¢(¥) is the molar absorption coefficient of a molecule at a given
wavenumber (cm™), Na is the Avogadro number, 7 is the reduced Planck constant, ¢ is
the speed of light, and Ds is the refractive index of a medium. In eq. 2-5, ¥, and
P, are the electronic wave functions of the final and initial states for an absorption
transition, respectively, and e, 7, represents the sum of the transition dipole
moment in all of the electronic coordinates. ‘¥, ¢ and W,; are the vibrational wave

functions of the final and initial states for an absorption transition, respectively. The
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presence of the DBDE group(s) in the bpy ligand(s) gives rise to the enhancement of
the MLCT absorption transition dipole moment (i) through charge transfer from the
ruthenium atom to the peripheral DBDE group(s) as predicted from egs. 2-4 and 2-5.
Thus, the arylborane—ruthenium(ll) complexes (i.e., 2a—c and 2a'-c") show larger
emLcT than that of [Ru(bpy)s]?*. It is worth emphasizing that the emLct value of 2a—2c
((2.4-5.6) x 10* Mtcm™) for a given n is larger than the relevant value of 2a'-2c'
((2.1-4.2) x 10* M tcm™): see Table 2-5. In particular, 2a showed an extremely large ¢
value (esss = 5.6 x 10* M~tcm™). It has been reported that the presence of multiple
boron centers in a triarylborane brings about electron conjugation via p(B) in
LUMO, 841 and this gives rise to a lower-energy spectral shift and enhancement of
the ¢ value of the n(aryl)-p(B) CT absorption band of the derivative. In practice, the
n(aryl)}-p(B) CT absorption bands of 2a— (das = 371-375 nm) were shifted to the
lower energy compared to those of 2a'—c" (Aas = 363-364 nm). Such triarylborane
effects (i.e., m(aryl)}-p(B) CT effects) on the electronic structures would reflect on the
MLCT absorption transition probabilities of 2a—c and 2a’'—c".

To reveal more details about the synergistic MLCT/n(aryl)-p(B) CT
interactions, TD-DFT calculations were conducted for 2c, 2¢', and [Ru(bpy)s]**. The
calculated absorption transitions (energy and f) of the complexes are summarized in
Figure 2-6 and Tables 2-6-2-8, and they are compared with the observed absorption
spectra in Figure 2-3. To correct the overestimation of the transition energy calculated
by TD-DFT,[8] the calculated absorption transitions shown in Figure 2-6 were shifted
to the lower energy by 5%. As clearly seen in Figure 2-6, TD-DFT calculations explain
very well the low-energy and intense MLCT absorption band observed for 2c and 2c’

and, therefore, the present calculations are shown to be done properly. The data
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demonstrate that the lowest-energy absorption of 2c is the mixed HOMO—-7 (20%)/
HOMO-1 (80%) — LUMO transitions at 494 nm (f = 0.082), while that of 2c" is the
mixed HOMO-1 (50%)/HOMO (50%) — LUMO transitions at 477 nm (f = 0.097). As
summarized in Figure 2-2, Tables 2-2, and 2-3, it is predicted that the electrons of 2c
and 2c¢' in both HOMO-1 and HOMO distribute to each d-orbital of the ruthenium(Il)
atom and, partly to the m-orbital of each DBDE-bpy moiety. On the other hand, the
LUMOs of 2c and 2c' distribute to p(B). These results strongly support the assignment
of the lowest-energy absorption bands of 2a—c and 2a'-c' to the synergistic MLCT/
n(aryl)-p(B) CT transitions, which are very different from the pure MLCT transition in
[Ru(bpy)s]** (see Table 2-8). As seen in Tables 2-2 and 2-3, furthermore, the MO
population of the DBDE-bpy moiety in HOMO-1 of 2c is larger than that of 2c',
which implies that a contribution of the zmn*(durylethynyl-bpy) transition is much
larger for 2c. It is also worth noting that the LUMO of 2c distributes to the two boron
atoms in the DBDE groups, with larger contributions of the MO to the boron atoms
than that of 2c'. Such contributions of the wn*(durylethynyl-bpy)/n(aryl)-p(B) CT to
the excited states of 2c and 2c' enhance the dipole moments of the MLCT absorption
transitions in 2c and 2c’, which is consistent with the experimental observations: the ¢
values of the MLCT/n(aryl)-p(B) CT bands of both 2a—c and 2a—c" increase with an

increase in n as discussed in the previous section.
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Table 2-6. Calculated excited states of 2c in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-7 — LUMO  (20%)
HOMO-1 — LUMO  (80%)

2.5100 eV (493.96 nm)

0.0818

S2

HOMO-7 — LUMO+2 (31%)
HOMO-1 — LUMO+2 (69%)

2.6775 eV (463.05 nm)

0.2738

S3

HOMO-7 — LUMO+1 (19%)
HOMO-1 — LUMO  (17%)
HOMO-1 — LUMO+1 (64%)

2.6830 eV (462.10 nm)

0.0056

S4

HOMO-14— LUMO  ( 9%)
HOMO-1 — LUMO  (27%)
HOMO-1 — LUMO+1 (10%)
HOMO-1 — LUMO+2 (23%)
HOMO — LUMO (31%)

2.6976 eV (459.60 nm)

0.3672

Ss

HOMO-11— LUMO  (10%)
HOMO-7 — LUMO  (32%)
HOMO-4 — LUMO  (47%)
HOMO-1 — LUMO  (11%)

2.7244 eV (455.08 nm)

0.0335

Se

HOMO—-14— LUMO+2 (14%)
HOMO-8 — LUMO+2 (10%)
HOMO-7 — LUMO+1 ( 8%)
HOMO-4 — LUMO  ( 9%)
HOMO-4 — LUMO+1 (11%)
HOMO-1 — LUMO+2 (22%)
HOMO  — LUMO+2 (26%)

2.8254 eV (438.81 nm)

0.0117

S7

HOMO-14— LUMO+1 (13%)
HOMO-8 — LUMO+1 (10%)
HOMO-7 — LUMO+2 (10%)
HOMO-4 — LUMO+2 (14%)
HOMO-1 — LUMO+1 (25%)
HOMO  — LUMO+1 (28%)

2.8445 eV (435.87 nm)

0.0685

Sg

HOMO-11— LUMO+1 (11%)
HOMO-7 — LUMO+1 (33%)
HOMO-4 — LUMO+1 (43%)
HOMO-1 — LUMO+1 (13%)

2.9768 eV (416.51 nm)

0.1102

So

HOMO-11— LUMO  (27%)
HOMO-7 — LUMO  (55%)
HOMO —LUMO (18%)

3.0236 eV (410.06 nm)

0.5579

S10

HOMO—7 — LUMO+2 (27%)
HOMO-4 — LUMO+2 (41%)
HOMO-1 — LUMO+2 (13%)
HOMO  — LUMO+3 (19%)

3.1085 eV (398.85 nm)

0.1372
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Table 2-7. Calculated excited states of 2¢' in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-1
HOMO

—LUMO (50%)
— LUMO  (50%)

2.6004 eV (476.79 nm)

0.0969

Sy

HOMO-1
HOMO
HOMO

— LUMO+1 (40%)
— LUMO  (18%)
— LUMO+1 (42%)

2.6928 eV (460.42 nm)

0.0172

Ss3

HOMO-8
HOMO-1
HOMO

— LUMO+2 (10%)
— LUMO+2 (44%)
— LUMO+2 (46%)

2.6957 eV (459.94 nm)

0.0064

S4

HOMO-5
HOMO-3
HOMO-1
HOMO-1

S LUMO (17%)
— LUMO+1 (17%)
— LUMO  (54%)
— LUMO+1 (12%)

2.7871 eV (444.85 nm)

0.3467

Ss

HOMO-5
HOMO-3
HOMO-1
HOMO-1
HOMO-1

— LUMO+1 (10%)
— LUMO  (39%)
— LUMO  (18%)
— LUMO+1 (19%)
— LUMO+2 (14%)

2.8324 eV (437.73 nm)

0.1178

Se

HOMO-8
HOMO-3
HOMO-3
HOMO

— LUMO+2 (17%)
— LUMO  (39%)
— LUMO+1 (18%)
— LUMO+2 (26%)

2.8798 eV (430.53 nm)

0.0481

S7

HOMO-8
HOMO-3
HOMO

— LUMO+1 (18%)
— LUMO+2 (42%)
— LUMO+1 (40%)

2.9020 eV (427.24 nm)

0.1640

Sg

HOMO-5
HOMO-3
HOMO-3
HOMO-1
HOMO

— LUMO+2 ( 9%)
— LUMO  (10%)
— LUMO+1 (53%)
— LUMO+2 (19%)
— LUMO+1 ( 9%)

3.0000 eV (413.29 nm)

0.1210

So

HOMO-5
HOMO-3
HOMO-3
HOMO-1
HOMO

S LUMO  (11%)
— LUMO+1 (14%)
—» LUMO+2 (49%)
— LUMO+1 (14%)
— LUMO  (12%)

3.1718 eV (390.90 nm)

0.0112

S10

HOMO-2

— LUMO

3.1846 eV (389.32 nm)

0.0202
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Table 2-8. Calculated excited states of [Ru(bpy)s]** in CHsCN.

Excited iti Oscillator

State Transition Energy (Wavelength) Strength
HOMO — LUMO (43%)

St HOMO  — LUMO+L (s7%) | 271796V (456.18nm) 00004
HOMO — LUMO+1 (50%)

2 | LOMO  — LUMO+2 (50%) 2.7194 eV (455.92 nm) = 0.0001
HOMO — LUMO (63%)

S5 LOMO > LUMO<2 (37%) 2.7232 eV (455.29 nm) = 0.0010

S4  HOMO-2 — LUMO+2 2.9037 eV (426.98 nm) = 0.0002
HOMO-2 — LUMO  (72%)

Ss HOMO-2 — LUMO+1 (16%)  2.9265eV (423.66 nm)  0.0109
HOMO-1 — LUMO  (12%)
HOMO-1 — LUMO  (78%)

S5 | LOMO_L — LUMO+2 (20%) 2.9292 eV (423.28 nm) = 0.0127
HOMO-2 — LUMO+1 (25%)
HOMO-2 — LUMO+2 (25%)

ST HOMO-1 — LUMO (26%) 3.0323 eV (408.88 nm) = 0.1235
HOMO-1 — LUMO+1 (24%)
HOMO-2 — LUMO  (25%)
HOMO-2 — LUMO+2 (25%)

S5 HOMO-L — LUMO+L (25%) | 30356V (408.43nm) 01266
HOMO-1 — LUMO+2 (25%)
HOMO-2 — LUMO+1 (50%)

$9 | LOMO-L — LUMO<+2 (50%) 3.2487 eV (381.64 nm) = 0.0000

Sw |HOMO — LUMO+2 3.5839 eV (345.95 nm) _ 0.0070

-75-



2-3-3: Emission Spectra at Room Temperature

All of the complexes in CH3CN at 298 K showed obvious emission whose
spectra were characterized by the broad and structureless bands as shown in Figure 2-7.
The emission maximum wavelengths (1em) are summarized in Table 2-9, together with
the photophysical parameters of the complexes. The Aem value of the complex was
shifted to the longer wavelength with an increase in the number of the DBDE groups in
a bpy ligand (e.g., Zem = 620, 640, and 651 nm for [Ru(bpy)s]>*, 2a', and 2a,
respectively), in good accordance with the sequence of the longer-wavelength shift of
Aabs. FOr a 2a—c or 2a’-c' series, on the other hand, the Aem value is shifted to the shorter
wavelength with an increase in n with the value being varied from 659 to 651 nm for
2a—C  ([Ru(Bzbpy)n(bpy)s-n]?") and from 647 to 640 nm for 2a'—c'
([Ru(Bbpy)n(bpy)s-n]?"). The results are unexpected since the emission maximum
energy of [RuLs]?* (Eem) correlates in general proportionally to the (Eox — Ered1) Value
of the complex, similar to Eass in Figure 2-5.1471 As seen in Figure 2-8, however, the Eem
values of 2a—c or 2a'-c' did not fall on the proportional relationship between the Eem
and (Eox — Ereq1) values observed for ordinary polydiimine [RuLs]** complexes and
showed a reverse Eem shift with an increase in the (Eox — Eredq1) value. There are two
possible explanations for such the unusual emission energy shift of 2a—c or 2a'—c':
excited-state relaxation and intersystem crossing in 2a—c or 2a'-c' as discussed in

detail in the followings.
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Normalized Emission Intensity

Wavelength / nm

Figure 2-7. Corrected emission spectra of 2a—c, 2a'—c', and [Ru(bpy)s]?* in CHsCN at
298 K. The emission intensities of the complexes are normalized to those at the
maximum wavelengths. The colors of the spectra correspond to those indicated in
Figure 2-1.

Table 2-9. Emission parameters of the complexes in CH3CN at 298 K.

Complex  Jem/nNM  ®em  tem/ps  ke/st Knr /571
2a (n=3) 651 0.43 1.7 25 x10° 34x10°
2b (n=2) 656 0.36 1.7 2.1 x10° 3.8x10°
2c(n=1) 659 0.27 1.7 1.6 x10° 43x10°
2a' (n=3) 640 0.26 2.5 1.0 x10° 3.0x10°
2b' (n=2) 642 0.24 2.4 1.0 x10° 3.2x10°
2c'(n=1) 647 0.20 2.3 0.87 x10° 3.5x10°
[Ru(bpy)s]>* 620 0095 089 1.1 x10° 10 x 10
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Figure 2-8. Relationship between the Eem and (Eox — Ered1) Values of the complexes.
Blue open boxes represent the reported data for ordinary polydiimine [Ruls]?*
complexes (the numbers are identical to those in Figure 2-5).41 The green line
represents the linear regression, of which the intercept has been fixed at 0 eV, for the
relation between Eem and (Eox — Erea1) reported for [RuLs]?*.14"]

The radiative transition from the excited state of [Ruls]?" proceeds from the
thermally-equilibrated triplet MLCT excited state and, therefore, the solvent relaxation
in the excited state is one of the important factors to determine the emission energy of
the complex. Since an introduction of the DBDE group(s) to a bpy ligand(s) results in
an increase in the molecular size of the complex, this will lead to a decrease in the
solvation energy around the *MLCT excited state and, thus, the unfavorable solvation
structures in the sequence n =1 <n =2 <n = 3 for 2a—c or 2a'-c' may render

destabilization of the 3MLCT excited-state energy: a shorter-wavelength shift of the
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emission spectrum. The extent of the solvation energy in the excited state is in general
reflected on the full width at half maximum (fwhm) of the emission spectrum.
Nevertheless, the fwhm value of the emission spectrum of the present complex in
CH3CN at 298 K was almost independent of the number of the DBDE-substituted
ligand with the fwhm value being almost constant at 2390—2420 or 2670—2680 cm™* for
2a—C or 2a'-c’, respectively. To obtain further details on the excited states of the
complexes, the Franck—Condon analysis of the emission spectral®**°! was conducted.
As shown in Figure 2-9, the emission spectra of the complexes were adequately
reproduced by the one-averaged-mode approximation by eq. 2-1 using the parameters
in Table 2-10. The medium-frequency vibration mode (%wwm), which characterizes the
emitting excited state, was almost independent of the complex, and the Zwwm value
(1310-1370 cm™Y) was simulated as the typical values reported for the 3SMLCT excited
states of [RulLs]?*-type complexes.[*?l The inner-sphere reorganization energy (1), as a
measure of the structural change in the excited-state, given by eq. 2-3 was not sensitive
to n in [Ru(Bzbpy)n(bpy)s-n]** (2a—c, ~910 cm™) or [Ru(Bbpy)n(bpy)s-n]** (2a'—c',
~1050 cm™1). The solvation energy for the excited-state complex can be also estimated
as an outer-sphere reorganization energy (4o), and those of the complexes calculated by
eg. 2-2 are almost constant at 1040-1090 or 1270-1280 cm™* for 2a—c or 2a'—c',
respectively. According to the /4 and Ao values of the complexes, the unusual Eem shift
against an increase in (Eox — Eredq1) Observed for 2a—c or 2a'—' in Figure 2-8 will not be

explained by the solvent relaxation in the excited state of the complex.
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Emission Intensity

[Ru(bpy),I”*

12 14 16 18 20
Wavenumber / 10° cm™

Figure. 2-9. Corrected emission spectra of the complexes in CH3CN at 298 K (black
solid curves) and the theoretical fits of the spectra by eq. 2-1 using the parameters in
Table 2-10 (yellow broken curves).
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Table. 2-10. Franck—Condon emission spectral fitting parameters for the

complexes in CH3CN at 298 K.#
Eo AV hiwom Ai Ao AGes
Complex - Sm ~
/cm™ /cmt

2a(n=3) 15440 1550 1310 0.69 900 1040 16480

2b(n=2) 15320 1560 1310 0.69 900 1060 16380

2c(n=1) 15170 1590 1310 0.70 920 1090 16260

2a"(n=3) 15740 1710 1370 0.76 1040 1270 17010

2b'(n=2) 15680 1720 1360 0.78 1060 1280 16960

2c'(n=1) 15590 1720 1330 0.78 1040 1280 16870

[Ru(bpy)s]®* 16310 1760 1340 0.96 1290 1350 17660

a See also section 2-2-6.

The energy splitting between the singlet and triplet excited states (AEst) is
another important factor to govern the emission energy of a [RulLs]?>* complex. The
free energy content of the excited state of 2a—c or 2a'-c' (AGgs) estimated by the
Franck—Condon analyses increases with increasing n as seen in Table 2-10. The results
indicate that the complex with a larger n value shows higher-energy emission than that
expected from the (Eox — Ered1) Value, demonstrating that one of the factors governing
Eem of the complex is AEst. An important information on the AEst value of the
complex is also obtained by DFT calculations. On the basis of the Kohn—-Sham MOs in
Figure 2-2, HOMO of 2c or 2c' is characterized by the electron densities on the
ruthenium(l1l) atom and the durylethynyl-bpy moiety, and the LUMO distributes partly
to the boron atom(s). The participation of p(B) in LUMO will give rise to the decrease
in the electron-exchange integral in the excited state of the complex and, therefore, the
AEst value should be small in the excited state of 2c or 2c' relative to that of
[Ru(bpy)s]?*. Although the data on DFT calculations are limited to those of 2c and 2¢'

alone due to the computational cost in the present stage of the investigation, it can be
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easily expected that an increase in n of [Ru(Bzbpy}a(bpy)s-n]>* or
[Ru(Bbpy)a(bpy)s-n]** enhances the contribution of p(B) to the LUMO and the
resulting small AEst value gives rise to an increase in the emission energy of the

complex.

2-3-4: Photophysical Properties at Room Temperature

Figures 2-10 and 2-11 show the emission spectra in a wavenumber scale and
the emission decay profiles of the complexes in CH3CN at 298 K, respectively. The
complexes 2a—c and 2a'—c' showed intense emission with the quantum yield (®em) >
0.20, and the ®em value increased with an increase in n for both 2a—c and 2a'—c" series.
In particular, 2a shows extremely intense emission with ®em = 0.43. To the best of my
knowledge, this is the highest value among those of MLCT-type [RuLs]?* complexes
hitherto reported.®® The emission decay profiles of the complexes were fitted
satisfactorily by single-exponential functions. The complexes 2a—c and 2a'-c" showed
longer-lived emission (emission lifetime (zem) > 1.7 ps) than [Ru(bpy)s]®* (zem = 0.89
us) and, surprisingly, the zem value was insensitive to n with zem being 2.3-2.5 and 1.7
us for 2a—c and 2a'—c’, respectively, in contrast to the enhanced ®em With n in 2a—c and
2a'-c'. The results strongly suggest that an increase in n accelerates the radiative
process of the complex as the radiative (k;) and nonradiative decay rate constants (Knr)
of the complexes, evaluated by the relations zem = 1/(kr + Knr) and ®em = ki/(kr + Kknr), are
included in Table 2-9. The photophysical properties of the complexes are discussed in

terms of the kr and knr values as described in the succeeding sections.
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Figure 2-10. Corrected emission spectra of the complexes in CH3CN at 298 K whose
spectral integrations correspond to the relative emission quantum yields of the
complexes.
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Figure 2-11. Emission decay profiles of the complexes in CH:CN at 298 K. Gray

curves represent instrumental response functions.
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2-3-5: Nonradiative Decay Rate Constants

A distinguished consequence obtained for the present complexes is the smaller
knr values of 2a—c and 2a'—c' ((3.0-4.3) x 10° s™1) than that of [Ru(bpy)s]** (10 x 10°
s1). Since it is well known that the ki values of the polypyridyl complexes of
ruthenium(I1), osmium(ll), rhenium(l), and so forth follow the energy gap
law,[33:4251-541 by which the In knr value of a complex linearly increases with decreasing
Eem. As the energy gap plots for the present complexes and a series of diimine [RuLs]?*
complexes are shown in Figure 2-12, the complexes 2a—c and 2a'-c' show a good
linear relationship between In knr and Eem, though the absolute knr values of 2a—c and
2a'—c' are extraordinarily small compared to that of [Ru(bpy)s]>* as mentioned before.
The results demonstrate that the nonradiative decay mode from the MLCT excited state
to the ground state of 2a—c and 2a'—c" is common for the complexes and differs from
those of other [RuLs]** complexes. Since the excited electrons in LUMOs of 2a—c and
2a'-c" distribute more or less to p(B) as described in the preceding section, the large
deviation of the emission data of ordinary polydiimine [RuLs]?** complexes from the
linear relation between In ki and Eem in Figure 2-12 will be also explained by the
participation of the synergistic MLCT/n(aryl)-p(B) CT interactions in the emitting

excited states of 2a—c and 2a'-c".[5°
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Figure 2-12. Energy gap plot for the complexes in CH3CN at 298 K. Blue open boxes
represent the data on a series of diimine [RuLs]?* complexes (the numbers are identical
to those in Figure 2-5).41 Green line represents the linear regression for the data of
2a—c and 2a'—c" on the basis of the energy gap law.

To reveal the origin of the small kqr values of 2a—c and 2a'—c', temperature (T)
dependences of the emission lifetimes of 2¢, 2¢', and [Ru(bpy)s]** were investigated.
The T-dependence of the emission lifetime of [RulLs]?*" (zem(T)) is known to be

analyzed by an Arrhenius-type equation, eq. 2-6,1%]

AE
[Tem(T)]_l = (k? + kr?r) + k’exp(——
kaT

(eq. 2-6)
where k° and kn/° are the T-independent radiative and nonradiative decay rate constants
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from the emitting excited state to the ground state, respectively. The parameter k' is the
frequency factor for thermal activation from the 3MLCT excited state to the
upper-lying nonemitting excited state (typically, triplet dd excited (°dd*) state for a
polypyridyl ruthenium(ll) complex) with the energy barrier between the two states
being AE. Figure 2-13 shows the T-dependences (250-330 K) of the emission decay
profiles of the complexes in propylene carbonate. While the emission lifetime of
[Ru(bpy)s]>* decreases sharply upon T-elevation, 2c and 2¢' show very small
T-dependent emission lifetimes. The emission decay profiles of the complexes in
250-330 K were analyzed by single-exponential functions, irrespective of T, and the
T-dependences of zem Were adequately fitted by eq. 2-6 as shown in Figure 2-14 with
the fitting parameters (AE, (k? + kn®), and k') being summarized in Table 2-11. The AE
values of 2¢ (930 cm™) and 2c' (2450 cm™) are smaller than that of [Ru(bpy)s]**
(3780 cm™), suggesting that thermal activation from 3MLCT to 3dd* is supposed to be
more likely for 2c and 2¢' compared to that of [Ru(bpy)s]?*. On the other hand, the k'
values of 2¢ (1.4 x 10" s and 2¢' (7.3 x 10° s1) are much smaller than that of
[Ru(bpy)s]** (2.9 x 10'® s71), demonstrating a minor contribution of the 3dd* state to
nonradiative decay from the *MLCT excited state of 2c or 2¢'. Such small k' values
have been often reported for [Ruls]**-type complexes and, in such cases, the
T-dependent zem has been discussed in terms of the contribution of the fourth *MLCT
excited state, which locates in a higher energy by several hundreds of wavenumbers
than the emitting SMLCT excited state.[>"%8 Since both AE and k' values observed for
2c or 2c' are close to those for thermal activation from MLCT to the fourth SMLCT
state, the T-dependent emission lifetimes of 2c and 2c' are explained by the

contribution of thermal activation from 3MLCT to the fourth MLCT excited state to
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nonradiative decay from the 3MLCT excited state to the ground state.*® While the
contribution of thermal activation to the fourth *MLCT excited state to excited-state
decay is generally minor for [RuLs]?*, it plays important roles in excited-state decay of
2c and 2c', probably due to large stabilization of the emitting 3MLCT state in energy
by the synergistic MLCT/n(aryl)-p(B) CT interactions relative to that of the 3dd*
energy. Such characteristics are common for the triplet MLCT/n(aryl)-p(B) CT excited
states of 2a—c and 2a'-c'. As described in the preceding section, the Eox values
assigned to the metal oxidation are almost the same for 2a—c, 2a'—c', and [Ru(bpy)s]%*,
while the Ereq: value assigned to the ligand reduction of 2a—c and 2a'-c' shifts to the
positive potential direction compared to that of [Ru(bpy)s]**. This indicates that the
3dd*-state energies of the complexes are comparable with one another, while the
SMLCT excited-state energies of 2a—c and 2a'—c' decrease relative to the 3dd*-state
energies owing to the presence of the DBDE group(s) in the ligand(s). The resulting
large SMLCT-3dd* energy gap in 2a—c and 2a'—c" would suppress thermal deactivation
of the 3MLCT state via the 3dd* state, which will be the origin of the small
T-dependences of the emission lifetimes and, thus, the small ki values of 2a—c and

2a'-c".
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Figure 2-13. T-dependences (T = 250-330 K) of the emission decay profiles of 2c (a),

2¢' (b), and [Ru(bpy)s]** (c) in propylene carbonate. Gray curves represent
instrumental response functions.
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Figure 2-14. T-dependences (T = 250-330 K) of the emission lifetimes of 2c, 2c¢', and
[Ru(bpy)s]?* in propylene carbonate. The curves represent the best fits of the
experimental data by eq. 2-6. Inset: enlarged view.

Table 2-11. Activation parameters for the T-dependent
emission lifetimes of 2c, 2¢', and [Ru(bpy)s]?" in
propylene carbonate.

Complex AE/cm?t (k®+ka®) /st k/st

2¢ 930 6.0x10°  1.4x 107
2¢" 2450 41x10° 7.3 x10°
[Ru(bpy)s]®* 3780 63x10°  2.9x10%
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2-3-6: Radiative Rate Constants

Characteristic emission behaviors are also observed for the k: values of the
complexes. The kr values of 2a—c ((1.6-2.5) x 10° s 1) and 2a'—¢' ((0.87-1.0) x 10°s%)
increased with an increase in n. It is important to emphasize that the emcct value of the
complex also increases with an increase in n as mentioned before, and this might relate
to the n dependence of the kr value. In practice, as shown in Figure 2-15, the k: values
of 2a—c correlate very well with the relevant emLct values. Also, one can find a positive
correlation between the kr and emLcT values for 2a’—c’, although the variation of k; with
n is not large enough. These correlations between k: and emLct observed for 2a—c and
2a'-c' resemble with the Strickler—Berg relation for the fluorescence transition of a

molecule given by eq. 2-7,[5!

k0 = 2.880 x 107°D,?

a [1(¥)dv J’e(ﬁ)d17
g [V 3 I()dv) v

(eq. 2-7)

where k? is the intrinsic (or natural) S1—So fluorescence rate constant. 1(%) and &(¥) are
the fluorescence intensity and the ¢ value of the absorption band of a molecule
responsible for the (S:—So) fluorescence transition at a given wavenumber (V),
respectively. Ds is the refractive index of a medium and, gi and gu are the electronic
degeneracies in the ground and excited states, respectively. The Strickler—Berg relation
demonstrates that the larger is the ¢ value (i.e., &(So—S1)), the larger is the relevant
fluorescence rate constant (k) and, thus, the fluorescence quantum yield: ®em oc
£(So—S1). The results in Figure 2-15 suggest a Strickler—Berg-type relation is also held
for the emission data of 2a—c and 2a'-c', though there is no theoretical proof for the

applicability of the relation to a phosphorescence transition. While a Strickler—Berg-
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type relation between kr and emLct for a phosphorescent transition metal complex has
never been reported, the present results in Figure 2-15 for 2a—c are not fortuitous, and
similar positive relationship between kr and emLct can be also found for a series of

[Ru(bpy)s]?* derivatives ([Ru(X-bpy)s]?*)162: see Figure 2-15.
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Figure 2-15. Relationship between kr and emLct for the complexes in CH3CN at 298 K.
Green open boxes represent the data for a series of [Ru(X-bpy)s]** complexes (X =
4-bromo (1), 4-chloro (2), 4-methoxy (3), 4-benzyloxy (4), 4,4'-bisethoxycarbonyl (5),
4,4'-dibromo (6), 4,4'-dichloro (7), 4,4'-diphenyl (8), 4,4'-dibenzyl (9), 4,4'-dimethyl
(10), 4,4'-diphenoxy (11), 4,4'-diethoxy (12), 4,4'-dibenzyloxy (13), 4,4'-bisacetamido
(14), 5,5-bisethoxycarbonyl (15), 5,5-dimethyl (16), 5,5-bisacetamido (17)) in
EtOH-MeOH (4/1, v/v) at 293 K. The literature data were taken from ref. [61,62].
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It is clear that a comparison of the k; data with the molar absorption
coefficient of the Sp—T: MLCT absorption band of a complex (esmrct) IS more
favorable. Unfortunately, the So—T1 MLCT absorption of 2a—c and 2a'—' has not been
observed experimentally. However, the linear relationship between emLct and kr seen in
Figure 2-15 demonstrates that the So—T1 esmcT value of the complex is proportional to
the relevant So—S1 emLct value. This is not strange since the phosphorescence transition
probability of a molecule in the T: state is gained by mixing between Si1 and T1 by
spin—orbit coupling.[®® As reported by Nozaki et al., the phosphorescence rate constant

of a transition metal complex is predicted by eq. 2-8.[64

_ 16 X 10°E,,’°D;°

= 0 |2
r 3he,

| iy

(eq. 2-8)

In eq. 2-8, Ds is the refractive index of a medium, h is the Planck constant, and & is the
permittivity in vacuum. Furthermore, the T1-So transition dipole moment (z..) can be

estimated as a function of the relevant Sp—So transition dipole moment (z ),

R Z (Wr, |Hso|Ws,,)

Ur = ET1 — Esn Us,

(eq. 2-9)

where W11 and Wsn (N =1, 2, ---n) are the wavefunctions of the T1 and S, states having
the eigenvalues of Et1 and Esn, respectively, and Hso is the Hamiltonian for spin—orbit
coupling. By assuming that the contribution of the Sy states (n > 2) can be neglected

owing to the large Et1—Esn gap(s), integration of egs. 2-8 and 2-9 affords eq. 2-10.
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167 X 10°E,, D, ’

" (Wr, |Hso|¥s,)
T 3he,

i
|ET1 - ES1| o

(eq. 2-10)

Since emLcr is proportional to the square of the transition moment (emict o |EMLCT|2)

and it can be assumed that the difference in the eigenvalues between the Ty and S;
states in eq. 2-10 is comparable with that in the MLCT emission—absorption energies
difference (|[Eem — Eans), €g. 2-10 is rewritten as in eq. 2-11.

3
emLcTEem

k. €« —M———
' |Eem _Eabslz

(eqg. 2-11)

Figure 2-16 shows the relationship between kr and emictEem/|Eem — Eans|> for 2a—c,
2a'—c', and [Ru(X-bpy)s]?*. Although the correlation coefficient of the plot is not
necessarily sufficient (r = 0.8694), Figure 2-16 demonstrates that the k: values of the
complexes are explained by the fundamental spectroscopic parameters (i.e., emLcT, Eabs,
and Eem). It is worth noting that the data on 2a'-c" fall moderately on the proportional
regression line in Figure 2-16, while those do not fall on a single line in Figure 2-15.
Since the Eem values of 2a'—c' and 2a—c are not very different, it is demonstrated that
the |Eem — Eabs| (i.e., AEsT) and emrct values of the complexes determine primarily the

kr values, leading to the Strickler—Berg-type relation in Figure 2-15 or 2-16.
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Figure. 2-16. Relationship between k; and emLctEem™/|Eem — Eans|® for the complexes in
CH3CN at 298 K. Green open boxes represent the data for a series of [Ru(X-bpy)s]**
complexes (the numbers are identical to those in Figure 2-15) in EtOH-MeOH (4/1,
v/iv) at 293 K. The literature data were taken and converted from ref. [61,62]. The
green line represents the linear regression, of which intercept has been fixed at 0 s2,
for the data.

2-3-6: Zero-Magnetic-Field Splitting in Triplet Excited State

Although the emission from the triplet excited state of a transition metal
complex is generally treated as a single-averaged photophysical process, the complex
having a heavy metal atom experiences large spin—orbit coupling and, thereby, the
emitting triplet excited state splits in energy to spin-sublevels by zero-magnetic-field
splitting (ZFS).1% Therefore, it is important to elucidate the contribution of ZFS to the

emission from the arylborane—ruthenium(ll) complexes. To determine the ZFS
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parameters, T-dependences (T = 3.5-100 K) of the emission lifetimes of 2a and
[Ru(bpy)s]?*, which possessed On symmetry, were investigated. Figure 2-17 shows the
emission decay profiles of the complexes in PEG-DMAb50 polymerized films in
3.5-100 K.[2730 Although the emission decay profile of [Ru(bpy)s]?* was analyzed by
a single-exponential function irrespective of T, that of 2a was fitted by a
double-exponential function. Since the long-lived emission component of 2a was
appeared only when the complex was introduced to a PEG-DMA550 film, the
short-lived emission component of 2a at given T was employed for the following
analysis and discussions. As the T-dependences of the emission lifetimes of 2a and
[Ru(bpy)s]?* in PEG-DMAGS50 films are shown in Figure 2-17, both 2a and
[Ru(bpy)s]?* showed extremely long-lived emission at around 3.5 K, and the emission
lifetimes decreased sharply upon T-elevation above 3.5 K. The contributions of the
spin-sublevels are observed as an averaged lifetime (zem(T)) and varied by varying T as

in eq. 2-12.[%%1

1+ 2exp(—%) + exp (—%)
Tem(T) =
- %+Eexp(—%)+%exp(—%)
(eq. 2-12)

In eq. 2-12, 7 is the emission lifetime of the individual spin-sublevel (i = 1, 2, or 3) in
the emitting T: state, and AE; is the energy difference between the lowest-energy
spin-sublevel (i = 1) and upper-lying spin-sublevel i (2 or 3), which is given by eq.

2-13,[63]
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(eq. 2-13)

where Wng), WT16), and Wsm() are the wavefunctions of Tn(j), T1(i) and Sm(i) possessing
the relevant non-perturbed energies Etn, E11, and Esm, respectively. The T-dependences
of the complexes were adequately analyzed by eq. 2-12 using the parameters (zi and
AEi) summarized in Table 2-12. The ZFS parameters of 2a (AE2 = 12 cm ! and AE; =
67 cm™1) were slightly smaller than those of [Ru(bpy)s]** (AE2 = 14 cm™ and AE3 = 72
cm™1). Although the third term in eq. 2-13 represents spin—orbit coupling for mixing
between the singlet and triplet states as mentioned in the previous section, the second
term in the equation is the most important on the ZES energy. Since the second term in
eq. 2-13 represents spin—orbit coupling between Ty and the energetically-proximity
SMLCT excited states relating to a different d-orbital (Tn), the term dominates the ZFS
energy when the (Et1 — Etn) value is small.[31 Furthermore, there is no significant
difference in the coordination geometry between 2a and [Ru(bpy)s]?* and, therefore,
the (Ett — Emn) values of the complexes are presumably comparable. These
expectations indicate that the spin—orbit coupling Hamiltonian (Hso) term gives rise to
the difference in ZFS between the complexes. Yersin et al. have reported that mixing of
3LC characters with the 3MLCT excited state decreases the ZFS energy in the triplet
excited state of a transition metal complex.l®®l As mentioned in the earlier section,
theoretical calculations suggest that the =na*(durylethynyl-bpy)/z(aryl)-p(B) CT
contributes to the emitting states of 2a—c, and this is expected to decrease the ZFS

energy of 2a due to the participation of the mn*(durylethynyl-bpy)/z(aryl)-p(B) CT
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characters. Although the differences in the ZFS energies between 2a and [Ru(bpy)s]*
are very small, the small ZFS energies of 2a will be certainly advantageous for an
increase in kr of the complex through a larger contribution of the higher-energy-lying
spin-sublevel(s) showing the faster radiative rate constant(s). In addition, the intrinsic
lifetimes of the spin-sublevels (r1, 7> and z3) are shorter than those of [Ru(bpy)s]**
owing to the large kr values as mentioned in the previous section. As the results of the
small ZFS energies and the accelerated radiative processes from the spin-sublevels in

the emitting excited state, 2a shows a large kr value even at room temperature.
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Figure 2-17. T-dependences (T = 3.5-100 K) of the emission decay profiles of 2a (a)
and [Ru(bpy)s]?* (b) in PEG-DMA550 polymerized films.
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Figure 2-18. T-dependences (T = 3.5-100 K) of the emission lifetimes of 2a (red) and
[Ru(bpy)s]?* (black) in PEG-DMAS550 polymerized films. The solid curves represent
the best fits of the observed data by eq. 2-12 using the parameters listed in Table 2-12.

Table 2-12. The spin-sublevel parameters of 2a and [Ru(bpy)s]?*
in PEG-DMADS550 films.

Complex (1) AEz/ecm™ ()  AEs/cm™ ()
2a (56.6ps) 12 (16.1 ps) 67 (0.64 ps)
[Ru(bpy)s]®* (102 ps) 14 (25.1 ps) 72 (0.64 ps)
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2-4: Conclusions

In this chapter, the synthesis and the electrochemical, spectroscopic, and
photophysical properties of a series of the novel [Ru(bpy)s]?* derivatives having
multiple arylborane units ([Ru(Bz2bpy)n(bpy)s-n]** (2a: n =3, 2b: n =2, 2¢: n = 1) and
[Ru(Bbpy)n(bpy)s-n]>* (2a': n =3, 2b": n = 2, 2¢": n = 1)) are described. The complexes,
2a—C and 2a'-c', showed intense absorption in 290-600 nm, and the ¢ value of the
MLCT absorption band (emcct) of the complex was enhanced largely by the
introduction of a DBDE group(s) to the bpy ligand(s) of the complex, owing to the
synergistic MLCT/n(aryl)-p(B) CT interactions. Furthermore, 2a—c and 2a'-c' also
showed intense emission with the quantum yield (®em) > 0.20, and the ®em value
increased with an increase in n for both 2a—c and 2a'—c' series. In particular, 2a
showed extremely intense emission with ®em = 0.43. One of the important findings of
the study is the increase in the emLct values of 2a—c and 2a'-c" with that in n, and the
increase in emLct Of the complex brings about an increase in kr as seen in Figure 2-15.
The positive correlations between kr and emLct observed for 2a—c and 2a'—c" resemble
with the Strickler—Berg relation for the fluorescence transition of a molecule.
Reflecting mixing between the S; and Ti states by spin—orbit coupling, it is
demonstrated that the |Eem — Eabs| and emLct values of the complex determine primarily
the kr value, leading to the Strickler—Berg-type relation between kr and emict. These
results are essentially due to the synergistic MLCT/n(aryl)-p(B) CT interactions in the
emitting excited states of 2a—c and 2a'—c', as demonstrated by the electrochemical,
spectroscopic/photophysical, and TD-DFT calculation studies. Thus, this study
successfully demonstrated synthetic control/tuning of the electrochemical,

spectroscopic, and photophysical properties of a [Ru(bpy)s]?* derivative on the basis of
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a triarylborane-appended n-chromophoric ligand(s).
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Chapter 3: Ligand-Structure Effects on the Spectroscopic and
Photophysical Properties of Homoleptic Ruthenium(ll) Complexes
Having Arylborane-Appended Diimine Ligands: 2,2'-Bipyridine vs.
1,10-Phenanthroline

3-1: Introduction

As described in Chapter 2, a series of [Ru(bpy)s]?* (bpy = 2,2-bipyridine)
derivatives having a DBDE ((dimesityl)boryldurylethynyl) group(s) at the 4- or
4.4'-position(s) of the bpy ligand(s), ([Ru(Bbpy)n(bpy)s-n]** (2a'—c") or
[Ru(B2bpy)n(bpy)s-n]?>* (2a—c), respectively) shows intense absorption/emission in the
visible region due to the synergistic interactions!*® between MLCT and n(aryl)—p(B)
CT."3 Furthermore, it has been demonstrated that the synergistic MLCT/n(aryl)—
p(B) CT absorption/emission of the complex can enhance the emission quantum yield
(Dem) successively with increasing the number of an arylborane-substituted ligand (n)
and, in particular, [Ru(B2bpy)s]** (2a) shows a remarkably high ®em with 0.43 in
CHsCN at 298 K. Therefore, a class of homoleptic arylborane—ruthenium(ll)
complexes possessing a starburst-type structure is a possible candidate for future
photofunctional materials. On the other hand, it has been reported that an introduction
of a DBDE group at the 4-position of a 1,10-phenanthroline (phen) ligand in
[Ru(phen)s]?* extensively elongates the emission lifetime (zem) of the complex: zem =
12 and 0.42 ps for 4RuB ([Ru(Bphen)(phen)2]?*) and [Ru(phen)s]?*, respectively.?
Such elongation of the excited-state lifetime has not been observed for the
[Ru(bpy)s]**-based complexes (e.g., zem = 1.7 ps for 2a—c) and, therefore, further

understandings of the photophysical behaviors of the arylborane—ruthenium(ll)
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complexes are absolutely necessary. There is no doubt that a diimine-ligand structure
as the core of [RuLs]?" moiety plays an important role in characterizing the arylborane
effects on the spectroscopic/photophysical properties of the complex. Nonetheless, the
detailed information on diimine-structure effects has not been obtained in the earlier
studies since the asymmetric environment around the coordination sphere in the
heteroleptic complex, 4RuB, also affects its spectroscopic and photophysical
characteristics.

In this chapter, the spectroscopic and photophysical properties of a novel
homoleptic ruthenium(ll) complex having two DBDE groups at the 4- and 7-positions
of each phen ligand in [Ru(phen)s]?* ([Ru(Bzphen)s]?*: 3a, Chart 3-1) are discussed
focusing on the diimine-ligand structure effects on the properties by comparing the

data with those of 2a.

Chart 3-1. Chemical structures of 3a and 2a.

3-2: Experiments and Methodologies

3-2-1: Synthesis
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The synthetic route to 3a is shown in Scheme 3-1. The complex was
successfully synthesized as a PFes  salt similar to the synthetic procedures for 2a
described in Chapter 2. Although the reaction between RuCls-nH20 and 4,7-dibromo-
1,10-phenanthroline (4,7-Bro-phen) in ethylene glycol under microwave irradiation by
using a microwave synthesizer (EYELA, Wave Magic® MWO-1000S) gave a mixture
of [Ru(4,7-Bra-phen)s]** and [Ru(4,7-Br/Cl-phen)s]** with the latter complex being
produced by the reaction of 4,7-Br.-phen and/or [Ru(4,7-Brz-phen)s]?* with a liberated
Cl atom(s) from RuCls-nH20O, the mixture was used for the next step without
separation of the products. The spectroscopic and photophysical purity of 3a was
confirmed by single-exponential emission decay in CHsCN at 298 K in addition to the
typical characterization methods described in Chapter 2. 4,7-Dihydroxy-1,10-
phenanthroline was prepared according to the literature,*®! and other chemicals used

for the synthesis of 3a were essentially the same with those described in Chapter 2.
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[Ru(4,7-Xo-phen)s](PFg),
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| (PFg)2

3a (PFg salt)

Scheme 3-1. Synthetic route to the PFe salt of 3a: (i) PBrs, N,N-dimethylformamide
(DMF), RT, 1 h; (ii) RuCls-nH20, ethylene glycol, microwave (200 W), 5 min; (iii)
(ethynylduryl)dimesitylborane (EDDB), Pd(PPhs).Clz, Cul, NEt3, CHsCN/THF, 50°C,
4 h.

Synthesis of 4,7-Dibromo-1,10-phenathroline (4,7-Brz-phen). To a suspension of
4,7-dihydroxy-1,10-phenanthroline (500 mg, 1.48 mmol) in N,N-dimethylformamide
(DMF) (150 mL), phosphorous tribromide (15 mL, 160 mmol) was added slowly. After
stirring at room temperature for 1 h, a 4-M KOH(aq) solution was added to the reaction

mixture to adjust pH~13. The solution was extracted with CHCIz (200 mL x 3) and,
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then, the combined organic phase was dried over anhydrous MgSO4 and concentrated
under reduced pressure. The crude product was purified by column chromatography
(Al203, CHCI3, Rf = 0.57) and recrystallization from CHCls/n-hexane (1/1, v/v), giving
4,7-Brp-phen as light-yellow powders (250 mg, 31%). *H NMR (270 MHz, CDCls,
TMS): 5/ppm 8.98 (2H, d, J = 4.7 Hz, 2,9-Ar-H), 8.33 (2H, s, 5,6-Ar-H), 7.96 (2H, d, J

= 4.7 Hz, 3,8-Ar-H). MS (ESI) m/z 338.8 (calcd for [M]* (C12HeNsBr2): 338.9).

Synthesis of Tris(4,7-dihalogeno-1,10-phenanthroline)ruthenium(ll) Bis(hexa-
fluorophosphate) ([Ru(4,7-X2-phen)s](PFs)2, X = Br and/or Cl). A suspension of
RuCl3-nH20 (22 mg, 0.084 mmol) and 4,7-Brz-phen (110 mg, 0.33 mmol) in ethylene
glycol (10 mL) was irradiated by microwave (2450 MHz, 200 W) for 5 min under
nitrogen-gas atmosphere. After cooling the mixture to room temperature, an excess
amount of an NH4PFg(aq) solution was added. The resulting precipitates were collected
by filtration and purified by column chromatography (Al.O3, CHsCN/CHCI3 (1/1, vIv)).
The crude product was dissolved in a minimum amount of acetone and, then, an excess
amount of n-hexane was added dropwise to the solution, giving [Ru(4,7-Xz-
phen)s](PFes)2 (X = Br and/or Cl) as red powders (80 mg). *H NMR (270 MHz, CDsCN,
TMS): 6/ppm 8.64-8.53 (6H, m, 2,9-Ar-H), 8.03-7.91 (6H, m, 5,6-Ar-H), 7.90-7.73
(6H, m, 3,8-Ar-H). MS (ESI) m/z 557.7(34), 535.7(85), 513.4(100), 490.7(78),
468.9(61), 445.9(53), 423.9(45) (calcd for [M-2PFs]** (CssH1sNeBreRuU,
CzsH1sNsBrsCIRu,  C3sHi1sNeBrsCloRu,  CssHi1sNeBrsClsRu,  CsasHi1sNeBr2ClsRu,

CssH18NeBrClsRu, CssHisNsCleRu): 557.5, 535.3, 513.1, 490.9, 468.6, 446.4, 424.2).

Synthesis of  Tris[4,7-bis{(dimesitylboryl)durylethynyl}-1,10-phenanthroline]-
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ruthenium(ll) Bis(hexafluorophosphate) (3a(PFs)2). An oven-dried Schlenk tube
was evacuated and filled subsequently with an argon gas. [Ru(4,7-X2-phen)s](PFs)2 (44
mg, 0.031 mmol calculated as [Ru(4,7-Brz-phen)s](PFe)2), Cul (1.7 mg, 0.0089 mmol),
and Pd(PPh3).Cl> (2.3 mg, 0.0033 mmol) were added to the tube and, then, the tube
was evacuated and filled with an argon gas again. An argon-gas purged CHsCN/
triethylamine (NEts) mixture (1.0 mL/0.40 mL) was added to the reaction tube, and the
resulting suspension was stirred at room temperature for 20 min. A tetrahydrofuran
(THF) solution (5.5 mL) of (ethynylduryl)dimesitylborane (EDDB) (110 mg, 0.27
mmol) was then added dropwise to the reaction mixture. The mixture was stirred at
50°C for 4 h under argon-gas atmosphere and, then, allowed to cool to room
temperature. The insoluble residues were removed by filtration and the filtrate was
dried under reduced pressure. The crude product was dissolved in a minimum amount
of acetone and the solution was added dropwise to an excess amount of n-hexane,
giving red precipitates. After repeating the reprecipitation procedures three times,
purification by preparative HPLC (GPC, chloroform) afforded 3a(PFes)2 as red powders
(44 mg, 42%). 'H NMR (270 MHz, CDCls, TMS) /ppm 8.63 (6H, s, 5,6-Ar-H of
phen), 8.54 (6H, m, 3,8-Ar-H of phen), 7.97 (6H, d, J = 5.6 Hz, 2,9-Ar-H of phen),
6.75 (24H, s, Ar-H of mes), 2.49 (36H, s, CH3, m-positions of duryl groups), 2.27 (36H,
s, CHs, o-positions of duryl groups), 2.03 (36H, s, CHs, p-positions of mes groups),
1.97 (72H, s, CHs, o-positions of mes groups). MS (ESI) m/z 1533.4 (calcd for
[M—2PF¢]?* (Ca16H222NsBeRU):  1533.9). Elemental analysis calcd (%) for
C216H222NsBsRUP2F12-3.6CHCI3: C 69.63, H 6.00, N 2.22; found: C 69.57, H 6.04, N

2.33.
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3-2-2: Other Chemicals, Physical Measurements, and Theoretical Calculations

The solvents used for spectroscopic and electrochemical measurements
reported in this chapter were essentially the same with those described in Chapter 2.
The PFe salt of tris(1,10-phenanthroline)ruthenium(ll) ([Ru(phen)s](PFs)2) as a
reference complex was prepared according to the literature.[!”l All of the physical
measurements and theoretical calculations reported in this chapter were performed

under the identical conditions to those described in Chapter 2.

3-3: Results and Discussion
3-3-1: Redox Potentials

The cyclic voltammograms (CVs) and differential pulse voltammograms
(DPVs) of 3a and [Ru(phen)s]?* in DMF are shown in Figure 3-1, together with those
of 2a and [Ru(bpy)s]>* for comparison. The redox potentials of the complexes
determined by the peak potentials of DPVs are summarized in Table 3-1. As seen in
Figure 3-1 and Table 3-1, 3a and [Ru(phen)s]** showed quasi-reversible oxidation
waves responsible for the metal oxidation (Eox) at +0.86 and +0.79 V (vs. ferrocene/
ferrocenium ion redox couple (Fc/Fc™)), respectively. The oxidation potential of 3a was
shifted to the positive direction by an introduction of the DBDE groups to the phen
ligands. The observed trend is similar to that observed for 2a in which the DBDE
groups are introduced to the bpy ligands (Eox = +0.85 V for 2a and Eox = +0.79 V for
[Ru(bpy)s]?), indicating that the electron-withdrawing effects of the DBDE groups on
the ruthenium atom in [RuLs]?* are independent of the nature of the diimine ligand, L.
On the other hand, 3a showed a quasi-reversible reduction wave at Ered1 = —1.41 V.

Although it is expected that 3a exhibits the five reduction waves (Ered1-5) Similar to 2a
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(see Chapter 2), additional four redox waves (Ered2-5) other than Ereq1 have not been
observed experimentally, probably due to instability of the reduced species of 3a. The
Erea1 Value of 3a (—1.41 V) is more positive than the relevant value of [Ru(phen)s]?*
(—1.75 V), and the difference between the Ereq1 Of the two complexes (AEreq: = +0.34
V) is larger than the relevant potential difference between 2a and [Ru(bpy)s]** (AEred
= +0.25 V; Eredq1 = —1.46 and —1.71 V for 2a and [Ru(bpy)s]?*, respectively). The
results demonstrate the electron-withdrawing DBDE groups affect more strongly the
n*-orbital energy of the phen ligand than that of the bpy ligand and, thus, the
spectroscopic/photophysical properties of 3a are predicted to be influenced by the

presence of the DBDE groups on the phen ligands.

Table 3-1. Redox potentials of the complexes in DMF containing

0.1-M TBAPFs.
Potential E / V vs. Fc/Fc* @
Complex
red5 red4 red3 red2 redl 0X
3a -1.41 +0.86
[Ru(phen)s]?* -2.19 -1.90 -1.75 +0.79
2ab -250 -235 -1.83 -161 -1.46 +0.85
[Ru(bpy)s]*® -2.16 -190 -1.71 +0.79

2 The values were determined by the peak potentials of DPV of the
complexes. ® Data taken from Chapter 2.
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Figure 3-1. CVs (solid curves) and DPVs (broken curves) of the complexes in DMF
containing 0.1-M TBAPFs. The vertical axis is scaled in 5 pA per division. The data
for 2a and [Ru(bpy)s]?* were taken from Chapter 2.
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3-3-2: Absorption Spectra

The absorption spectra of 3a and [Ru(phen)s]** in CHsCN at 298 K are shown
in Figure 3-2, together with those of 2a and [Ru(bpy)s]** for comparison. The
absorption maximum wavelengths (1aps) and corresponding ¢ values of the complexes
are summarized in Table 3-2. The relatively narrow and intense 'nn* bands of the phen
moieties were shifted to the longer wavelength (i.e., lower energy) by an introduction
of the DBDE groups to [Ru(phen)s]?* (1ans = 284 and 263 nm for 3a and [Ru(phen)s]?*,
respectively), indicating stabilization of the w*-orbital energy of the ligand as
suggested by the electrochemical measurements. Furthermore, 3a exhibits an intense
and characteristic absorption band in 2 = 300-400 nm, which can be assigned to the
superposition of the nn* transitions in the durylethynyl-phen moieties and the n(aryl)—
p(B) CT transitions in the Bophen ligands: LC absorption transition.

The IMLCT absorption energy (Eaps) Was also lowered by the introduction of
the DBDE groups to the peripheries of the three phen ligands: Eaps = 21200 cm™ (fabs =
471 nm) with a shoulder at around 19800 cm™ (1 = 505 nm) for 3a and Eaps = 22500
cm L (labs = 445 nm) for [Ru(phen)s]?*. The energy differences in the *MLCT and nn*
bands between 3a and [Ru(phen)s]?* are almost comparable with each other (AEaps =
2700 and 2800 cmt, respectively). Therefore, the low-energy shifts of the *MLCT
absorption bands observed for 3a are ascribed primarily to stabilization of the
n*-orbital energy of the ligand. The results are supported by the redox potentials of the
complexes described in the previous section. The Ereq1 value responsible for the ligand
reduction of 3a (—1.41 V) was more positive than that of [Ru(phen)s]** (-1.75 V), and
the energy calculated from the potential difference (0.34 eV = 2700 cm™) is

comparable with the amount of the low-energy shift of the tMLCT band of 3a relative
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to that [Ru(phen)s]?*. In addition to the low-energy *MLCT transition, the emLcT value
observed for 3a (7.2 x 10* Mtcm™ at 471 nm) is enhanced significantly compared to
that of [Ru(phen)s]?* (1.7 x 10* Mtcm™ at 445 nm). The enhancement of the *MLCT
band intensity of 3a can be explained by the increase in the relevant absorption
transition dipole moment owing to the participation of extended intramolecular CT
from the metal ion to the electron-withdrawing arylborane units: synergistic
MLCT/n(aryl)-p(B) CT interactions as described in Chapter 2.

The comparison of the absorption spectrum of 3a with that of 2a provides
further significant insights into the synergistic MLCT/n(aryl)-p(B) CT interactions.
The !MLCT absorption bands of both 3a and 2a are shifted to the lower energy relative
to those of the relevant reference complexes, and the emLct values of 2a and 3a are
enhanced by the introduction of the six DBDE groups to the peripheries of the three
ligands. Among the two complexes, however, more pronounced triarylborane effects
on the emccT value are observed for 3a, as demonstrated by the emLct value of 3a (7.2 x
10* M~cm™ at 471 nm) being larger than that of 2a (5.6 x 10* M~tcm™ at 488 nm).
The results demonstrate that the electronic coupling between the phen and DBDE units
in 3a is stronger than that between the bpy and DBDE units in 2a, and such stronger
electronic coupling leads to more effective synergistic MLCT/n(aryl)—-p(B) CT
interactions in 3a. This could be explained by the rigid and planar n-extended structure
of phen, which will be more favorable for the synergistic CT interactions compared to
the more-structurally-flexible and less-n-extended bpy. As shown in Figure 3-2(b), the
broader *MLCT absorption band observed for 3a (the full width at half maximum
(fwhm) of the spectrum is ca. 5300 cm™2) relative to that of 2a (~3500 cm™*) might also

indicate the effective and strong synergistic MLCT/a(aryl)—p(B) CT interactions in 3a.
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Figure 3-2. Absorption spectra of the complexes in CH3CN at 298 K (a) and the
spectra normalized to the maximum ¢ values of the MLCT bands (b). The colors of the
spectra correspond to those indicated in Figure 3-1, and the spectra of 2a and
[Ru(bpy)s]?* are taken from Chapter 2.
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Table 3-2. Absorption parameters of the complexes in CH3CN at 298 K.

Complex Jabs | nm (g / 10* Mem™)
3a 284 (10.6) 382 (11.3) 471 (7.2) 505sh (6.6)
[Ru(phen)s]®* 263 (10.6) 416sh (1.6) 445 (L1.7)
22 311 (11.4) 375(155) 460sh (4.6) 488 (5.6)
[Ru(bpy)s]>*® 287 ( 8.2) 424sh (1.1) 451 (L.3)

& Data taken from Chapter 2.

3-3-3: Time-Dependent Density Functional Theory (TD-DFT) Calculations

More details about the differences in the MLCT/n(aryl)-p(B) CT interactions
between the complexes 3a and 2a are obtained by TD-DFT calculations. To reduce the
computational cost, heteroleptic complexes [Ru(Bzphen)(phen).]>* (3c) and
[Ru(B2bpy)(bpy)2]?* (2¢) shown in Chart 3-2 were employed as model complexes for
3a and 2a, respectively. The calculated absorption transitions (energy and oscillator
strength (f)) of 3c and [Ru(phen)s]?* are summarized in Tables 3-3 and 3-4. In Table
3-3, the absorption transitions related mainly to the unsubstituted bpy ligand are shown
in a gray color since they do not contribute to the observed spectrum of 3a and, thus,
these data are not discussed here. The calculated absorption transitions are compared
with the observed absorption spectra in Figure 3-3, in which the calculated transitions
are shifted to the lower energy by 5% to correct the overestimation of the transition
energies calculated by TD-DFT.[*®] The Kohn-Sham MOs of 3c and [Ru(phen)s]** are
shown in Figure 3-4, whose details are also summarized in Tables 3-5 and 3-6. The
relevant data for 2c and [Ru(bpy)s]?* can be found in Chapter 2.

As shown in Figure 3-3, the TD-DFT calculations demonstrated the
lower-energy and more intense singlet-singlet (So—Sn) transitions in 3c and 2c relative

to those of the reference complexes, [Ru(phen)s]** and [Ru(bpy)s]?*, respectively.
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Hence, the calculations on 3c and 2c reproduce properly the absorption spectra of 3a
and 2a, despite the calculations on the model complexes, 3c and 2c. The lowest-energy
singlet excited states (S1) of 3c and 2c are ascribed mainly to the HOMO-1—-LUMO
transitions at A = 487 (f = 0.054) and 494 nm (f = 0.082), respectively. The LUMOs of
both complexes are distributed over the entire arylborane-substituted ligand (i.e.,
B2phen or B2bpy), whose MO distributions are very similar with each other as shown
in Figures 3-4 and 2-2. Although the HOMO-1 levels of both 3c and 2c also range
from the ruthenium(l1) atom to the DBDE groups in similar fashions with one another,
that of 3c populates on the ruthenium(ll) atom more largely (~51%) than that of 2c
(~38%). It is worth pointing out, furthermore, that HOMO-1 of 3c distributes to the
two DBDE groups, while that of 2c localizes on one DBDE group. Therefore, these
results demonstrate that the lowest-energy excited state of 3c is best characterized by
synergistic MLCT/xn(aryl)-p(B) CT, and that the excited state possesses a relatively

larger charge-separated character than that of 2c.

3c 2c

Chart 3-2. Chemical structures of 3¢ and 2c.
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Figure 3-3. Comparison of the observed absorption spectra and oscillator strengths
(perpendicular bars) estimated by the TD-DFT calculations for the complexes in
CH3CN at 298 K. 3c and 2c were used as model complexes for 3a and 2a, respectively.
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Table 3-3. Calculated excited states for 3¢ in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-7 — LUMO
HOMO-4 — LUMO
HOMO-1 — LUMO

(15%)
(25%)
(60%)

2.5452 eV (487.13 nm)

0.0536

S,

HOMO-14— LUMO
HOMO — LUMO

(16%)
(84%)

2.6185 eV (473.50 nm)

0.3823

S3

HOMO — LUMO+1

2.6755 eV (463.40 nm)

0.7410

S4

HOMO-4 — LUMO  (85%)
HOMO—-4 — LUMO+2 (15%)

2.7162 eV (456.46 nm)

0.0011

Ss

HOMO—4 — LUMO+1 (12%)
HOMO—-4 — LUMO+3 (15%)
HOMO-1 — LUMO+1 (37%)
HOMO-1 — LUMO+3 (20%)
HOMO — LUMO (16%)

2.7594 eV (449.31 nm)

0.4753

Se

HOMO-11— LUMO+2 (10%)
HOMO-7 — LUMO+2 (16%)
HOMO—-4 — LUMO+2 (23%)
HOMO-1 — LUMO+2 (51%)

2.7697 eV (447.64 nm)

0.0047

S7

HOMO-11— LUMO+3 (11%)
HOMO-7 — LUMO+3 (18%)
HOMO-4 — LUMO+3 (19%)
HOMO-1 — LUMO+3 (52%)

2.7755 eV (446.71 nm)

0.1457

Sg

HOMO-14— LUMO+3 (19%)
HOMO-8 — LUMO+3 (14%)
HOMO-4 — LUMO+2 (16%)
HOMO — LUMO+3 (51%)

2.8453 eV (435.76 nm)

0.0059

S

HOMO-14— LUMO+2 (11%)
HOMO-8 — LUMO+2 ( 8%)
HOMO-4 — LUMO+1 (12%)
HOMO—-4 — LUMO+3 (16%)
HOMO-1 — LUMO+1 ( 9%)
HOMO —LUMO ( 7%)
HOMO — LUMO+2 (37%)

2.8593 eV (433.61 nm)

0.1200

S10

HOMO—-4 — LUMO+1

2.9143 eV (425.43 nm)

0.1632
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Table 3-4. Calculated excited states for [Ru(phen)s]?>* in CH3CN.

Excited . Oscillator
State Transition Energy (Wavelength) Strength

HOMO — LUMO (71%)

S1 HOMO  — LUMO+1 (29%) 2.8017 eV (442,53 nm)  0.0008
HOMO — LUMO (16%)

Sz HOMO  — LUMO+2 (84%) 2.8058 eV (441.88 nm) = 0.0000
HOMO — LUMO+1 (75%)

Ss HOMO  — LUMO+2 (25%) 2.8063 eV (441.80 nm)  0.0001
HOMO-2 — LUMO+2 (49%)

Sa HOMO-1 — LUMO+1 (51%) 2.9463 eV (420.82 nm)  0.0001
HOMO-2 — LUMO (56%)

Ss HOMO-2 — LUMO+1 (21%) 2.9635¢eV (418.37 nm)  0.0152
HOMO-1 — LUMO+2 (23%)
HOMO-2 — LUMO (37%)

Se HOMO-2 — LUMO+2 (18%) 2.9643 eV (418.26 nm)  0.0164
HOMO-1 — LUMO  (45%)
HOMO-2 — LUMO+2 (68%)

S7 HOMO  —» LUMO+5 (32%) 3.0478 eV (406.79 nm)  0.0935
HOMO-2 — LUMO+1 (36%)

Ss HOMO-1 — LUMO+2 (44%) 3.0502 eV (406.48 nm)  0.0928
HOMO — LUMO+4 (20%)
HOMO-2 — LUMO+1 (29%)

So HOMO-2 — LUMO+2 (11%) 3.0534 eV (406.06 nm)  0.0058
HOMO — LUMO+3 (60%)
HOMO-1 — LUMO (11%)

S10 HOMO — LUMO+4 (33%) 3.1670eV (391.48 nm)  0.0520
HOMO — LUMO+5 (56%)
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Figure 3-4. The Kohn—-Sham MOs of 3¢ and [Ru(phen)s]?* (contour = 0.02 eA™3).
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Table 3-5. Calculated molecular orbitals of 3¢ in CH3CN.

MO Population / %

Mole(_:ular Eigenvalue ) Baphen

Orbital / Hartrees | ruthenium ohen | ethynyl | duryl boron | mesityl phen
LUMO+3 | —0.08921 7.70 1.04 0.01 0.01 0.00 0.00 | 91.24
LUMO+2 | -0.09113 5.01 2.77 0.22 0.26 0.05 0.06 | 91.63
LUMO+1 | -0.09974 1.07 72.06 @ 10.83 | 12.22 1.39 1.94 0.49
LUMO —0.10194 5.08 70.11 8.58 8.80 1.01 1.43 4.99
HOMO —0.21670 30.63 19.27 | 1375 @ 26.94 0.47 4.33 4.61
HOMO-1 | -0.22100 50.86 10.56 8.58 | 19.39 0.34 3.77 6.50
HOMO-2 | -0.22765 0.01 0.01 0.05 : 11.06 1.07 | 87.80 0.00
HOMO-3 | -0.22771 0.01 0.01 0.05 | 10.86 1.06 | 88.01 0.00

Table 3-6. Calculated molecular orbitals of [Ru(phen)s]?* in CH3sCN.
Molecular | Eigenvalue MO Population / %

Orbital / Hartrees | ruthenium phen
LUMO+3 | -0.08607 1.59 98.41
LUMO+2 | -0.08939 7.82 92.18
LUMO+1 | -0.08947 7.74 92.26
LUMO —0.09293 2.01 97.99
HOMO —0.22653 83.30 16.70
HOMO-1 | -0.23040 74.48 25.52
HOMO-2 | -0.23051 74.62 25.38
HOMO-3 | —0.26386 0.33 99.67
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3-3-4: Emission Properties

Figure 3-5 shows the corrected emission spectra of the complexes in CH3CN at
298 K, in which the integrations of the spectra in a wavenumber scale correspond to the
relative emission quantum yields (®em) of the complexes, and Table 3-7 summarizes the
emission properties of the complexes. The structureless emission spectrum of 3a
indicates that the emitting excited state of the complex is MLCT in character, and the
emission maximum of 3a (lem = 671 nm, Eem = 14800 cm™) is shifted to a longer
wavelength compared to that of [Ru(phen)s]?* (Aem = 599 nm, Eem = 16600 cm™2). The
results demonstrate that the triplet MLCT/n(aryl)—p(B) CT excited state of 3a is largely
stabilized in energy compared to that of [Ru(phen)s]?*. Since the difference in the
emission energy between 3a and [Ru(phen)s]?* (1800 cm™) is much larger than the
relevant value between 2a and [Ru(bpy)s]** (700 cm™), the effects of the arylborane
substituents on the emission spectrum are more obvious in 3a than 2a. Furthermore, 3a
shows intense emission with ®em = 0.29 (in CH3CN at 298 K), which is 6.4-times
higher than that of [Ru(phen)s]** (®em = 0.045). As described in Chapter 2, the
introduction of the DBDE group(s) to [Ru(bpy)s]?* enhances the emission efficiency,
and the ®en value of 2a (0.43 in CH3CN at 298 K) is the largest among the polypyridyl
ruthenium(11) complexes hitherto reported.[*®! The present results demonstrate that the
introduction of six DBDE groups to the peripheries of the three ligands in [Ru(phen)s]?*
also enhances ®em of the complex, and the enhancement factor of 6.4 is larger than that
obtained for 2a: ®em(2a)/Pem([Ru(bpy)s]?) = 0.43/0.095 = 4.5. It is also worth
emphasizing that enhancements of both emict and ®em observed for 3a (emLct = 7.2 %
10* Mtcm™ at 471 nm and ®em = 0.29 in CH3CN at 298 K) relative to the relevant

values of [Ru(phen)s]** demonstrate brighter emission from 3a than that from

-131-



[Ru(phen)s]?* (emict = 1.7 x 10* Mlcm™ at 445 nm and ®em = 0.045).

Complex 3a also exhibits long-lived emission as the decay profile is shown in
Figure 3-6 together with that of [Ru(phen)s]?*. The emission lifetime (zem) value of 3a
(8.7 us) is 21-times longer than that of [Ru(phen)s]?* (0.42 ps) and, thus, 3a shows
simultaneously intense (®em = 0.29) and long-lived emission (zem = 8.7 us) in CH3CN at
298 K. Since the phosphorescence transition of a molecule is a spin-forbidden process,
the radiative rate constant (k) is generally very small. This leads to long zem (oc 1/kr) and
small ®em (o< ki) values. Therefore, an achievement of both high ®em and long zem is
generally difficult for an ordinary ruthenium(ll) complex and, thus, the photophysical

properties of 3a are worth discussing in detailed as described in the followings.
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Figure 3-5. Corrected emission spectra of the complexes in CH3CN at 298 K. The
colors of the spectra correspond to those indicated in Figure 3-1, and the spectra of 2a
and [Ru(bpy)s]?* are taken and modified from Chapter 2.

Table 3-7. Emission properties of the complexes in CH3CN at 298 K.
Complex ﬂem /nm Dem Tem / us kr b / 5_1 knr b / S_l

3a 671 029 87  0.33x10° 0.82x10°
[Ru(phen)s]®* 599  0.045 042 1.1 x10° 23 x10°
2a? 651 043 17 25 x10° 34 x10°

[Ru(bpy)s]*® 620 0.095 0.89 1.1 x10° 10 x10°
2 Data taken from Chapter 2. ® Calculated by the equation, ®em = ki/(kr
+ Knr) = Kezem, Where kr and knr are the radiative and nonradiative decay
rate constants, respectively.
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Figure 3-6. Emission decay profiles of 3a (green) and [Ru(phen)s]** (gray) in CHsCN
at 298 K.

3-3-5: Nonradiative Decay Rate Constants

Owing to the large knr nature, the photophysical properties of a [Ru(phen)s]?*
derivative are controlled primarily by knr as predicted by the relation ®em = Kizem = Ke/Kar,
where k; and knr are the radiative and nonradiative decay rate constants, respectively. In
practice, the extremely small knr value of 3a (8.2 x 10* s™) compared to that of
[Ru(phen)s]?* (2.3 x 10° s) dominates the simultaneous enhancements of ®em and 7em
for 3a. To reveal the origin of the small ki value of 3a, temperature (T)-dependent
emission of the complex was studied in detail. Figure 3-7 shows the T-dependences
(250-330 K) of the emission decay profiles of 3a and 2a in propylene carbonate. The
emission decay profiles of 3a and 2a in 250-330 K were analyzed by single-exponential

functions irrespective of T, and the T-dependences of zem for the complexes including
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[Ru(phen)s]?* and [Ru(bpy)s]** were analyzed by eq. 3-1,%°!

AE
[Tem(TI™ = (KO + k%) + K'exp(~—
B

(eq. 3-1)

where k?° and kn° are the T-independent radiative and nonradiative decay rate constants
from the emitting excited state to the ground state, respectively. The parameter k' is the
frequency factor for thermal activation from the SMLCT excited state to the upper-lying
nonemitting excited state (typically, triplet dd excited (3dd*) state for a polypyridyl
ruthenium(IT) complex) with the energy barrier between the two states being AE. The
T-dependences of zem Were fitted adequately by eq. 3-1 as shown in Figure 3-8 with the
fitting parameters (AE, (k° + kn®), and k') being summarized in Table 3-8. Since
nonradiative decay from the 3MLCT excited state of a polypyridyl ruthenium(ll)
complex proceeds in general via the 3dd* state as described in Chapter 2, the emission
lifetime of the complex decreases upon T-elevation. The zem values of 3a and 2a,
however, are almost independent of T, similar to those of other DBDE-appended
polypyridyl ruthenium(I1) and rhenium(l) complexes.!>*51 The parameter k' of 3a (1.0 x
10° s71) or 2a (2.9 x 10° s) is much smaller than that of [Ru(phen)s]?* or [Ru(bpy)s]**
(~10% s71), respectively, indicating the contribution of the fourth *MLCT excited state
to excited-state decay of 3a and 2a as described in Chapter 2. Although the
contributions of the 3dd* state and the fourth 3MLCT excited state to the observed
T-dependent emission lifetime of 3a cannot be separated in the present data, the
observed AE and k' values of 3a (AE = 930 cm™* and k' = 1.0 x 10° s7%) suggest that the
fourth 3MLCT excited state largely contributes to the nonradiative decay process of the

complex due to close similarities of the data to the relevant values for [Ru(bpy)s]** in a
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cellulose acetate film (AE = 810 cm ™t and k' = 1.7 x 107 s71).121 |t is worth emphasizing
that the comparable metal oxidation potentials of the present four complexes (2a, 3a,
[Ru(bpy)s]?*, and, [Ru(phen)s]?*: +0.79-+0.86 V) suggest comparable 3dd* energies of
the complexes. On the other hand, the energy of the emitting state of 3a (Eem = 14800
cm ! (1.83 eV)) is lower than those of the other complexes: Eem = 16600 cm ™ (2.06 eV),
15300 cm™ (1.90 eV), and 15900 cm™ (1.97 eV) for [Ru(phen)s]?*, 2a, and
[Ru(bpy)s]**, respectively. The resulting large 3MLCT-3dd* energy gap in 3a
extinguishes nonradiative decay pathway via the 3dd* state and, thus, 3a shows the

extremely small kqr value.
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Figure 3-7. T-dependences (T = 250-330 K) of the emission decay profiles of 3a (a)
and 2a (b) in propylene carbonate. Gray curves represent instrumental response
functions.
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Figure 3-8. T-dependences (T = 250-330 K) of zem of the complexes in propylene
carbonate. The colors of the data points correspond to those indicated in Figure 3-1. The
curves represent the best fits of the experimental data by eq. 3-1. Inset: enlarged view.
The data on [Ru(phen)s]?* and [Ru(bpy)s]?* are taken from ref. [2] and Figure 2-14 in
Chapter 2, respectively.

Table 3-8. Activation parameters for the T-dependent
emission lifetimes of the complexes in propylene

carbonate.
Complex  AE/cm™? (k®+kn®) /st k/s™t
3a 930 1.0 x 10° 1.0 x 108
[Ru(phen)s]>*® 3500 1.5x10° 5.7 x 1012
2a 2410 5.8 x 10° 2.9 x 10°
[Ru(bpy)s]?*® 3780 6.3 x 10° 2.9 x 1012

2 Data taken from ref. [2]. ® Data taken from Chapter 2.
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3-3-6: Radiative Rate Constants

The radiative rate constant (kr) of the complex is another important factor in
determining the photophysical properties, especially ®em, of the complex. A huge
difference in kr between 3a and 2a is observed as the data are summarized in Table 3-7:
smaller k; for 3a (3.3 x 10* s™1) and larger k for 2a (2.5 x 10° s 1) compared to those of
[Ru(phen)s]?* and [Ru(bpy)s]®* (1.1 x 10° s ). As described in Chapter 2, the k; values
of a series of 2a—c and 2a'—c' correlate positively with emLcTEem/|Eem — Eabs]* On the
basis of the Strickler—Berg-type relation. However, the small k. value of 3a is not
explained by a Strickler—Berg-type model since the spectroscopic data for 3a show a
larger emLcTEem/|Eem — Eabs]? value (8.6 x 10° M~*cm™) than [Ru(phen)s]?* (2.3 x 10°
M~1cm™). A possible explanation for small k, of 3a is the structural differences between
the excited and ground states. Large differences in the emitting- and ground-state
structures typically decreases the overlap integral of the wavefunctions between the two
states, and it reduces the phosphorescence transition probability (i.e., k). As the
TD-DFT calculations have indicated, the synergistic MLCT/n(aryl)-p(B) CT excited
state of 3a possesses a larger charge-separated character than that of 2a. Owing to the
elongated charge-transfer distance upon photoexcitation, the excited state of 3a is
stabilized by vibrational relaxation and, thus, resulting large structural differences
between the thermally-equilibrated excited and ground states decrease k:. In the case of

3a, such effects may prevail a Strickler—Berg-type behavior.
3-4: Conclusions
In this chapter, the spectroscopic and photophysical properties of a novel

homoleptic ruthenium(I1) complex having the DBDE groups at the 4- and 7-positions of
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the phen ligands in [Ru(phen)s]** ([Ru(Bzphen)s]?*: 3a, Chart 3-1) were described in
special references to the diimine ligand structure effects by comparing the data on 3a
with those on 2a. The emict value of 3a (7.2 x 10* M~tcm™ at 471 nm) is larger than
that of 2a (5.6 x 10* Mlcm™ at 488 nm). The results demonstrate that the electronic
coupling between the phen and DBDE units in 3a is stronger than that between the bpy
and DBDE units in 2a, and this stronger electronic coupling leads to more effective
synergistic MLCT/n(aryl)-p(B) CT interactions in 3a relative to that in 2a. On the basis
of TD-DFT calculations, furthermore, it has been shown that the lowest-energy excited
state of 3c is best characterized by synergistic MLCT/n(aryl)-p(B) CT and the excited
state possesses a relatively larger charge-separated character than that of 2c. It is also
worth emphasizing that enhancements of both emLct and ®em values observed for 3a
(emLcT = 7.2 x 10* Mtem™ at 471 nm and ®em = 0.29 in CH3CN at 298 K) represent
bright emission from 3a. The complex, 3a, also exhibits long-lived emission owing to
the large 3MLCT—3dd* energy gap in 3a and this extinguishes the nonradiative decay
pathway via the 3dd* state: very small kqr for 3a. Thus, 3a shows simultaneously intense
(Pem = 0.29) and long-lived emission (zem = 8.7 ps). Since 3a possesses simultaneously
intense visible absorption, high ®em, and long zem, the complex is a promising candidate
for a visible-light driven photo/redox sensitizer, a phosphorescence sensor, an emitting

material, and so forth.
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Chapter 4: Ancillary-Ligand Effects on the Spectroscopic and
Photophysical Properties of Heteroleptic Arylborane—Ruthenium(il)

Complexes

4-1: Introduction

In Chapter 3, the spectroscopic and photophysical properties of a homoleptic
arylborane—ruthenium(ll) complex (3a), in which six (dimesityl)boryldurylethynyl
(DBDE) groups are introduced to [Ru(phen)s]?* (phen = 1,10-phenanthroline) at the 4,7-
positions of the three phen ligands, were described and compared with those of the
relevant [Ru(bpy)s]** (bpy = 2,2"-bipyridine) derivative (2a). In CHsCN at 298 K, 3a
showed simultaneously intense and long-lived emission (emission quantum yield (®em) =
0.29 and emission lifetime (zem) = 8.7 ps), while 2a exhibited extremely intense emission
(Dem = 0.43 and zem = 1.7 pus). The results demonstrate that the DBDE group is a useful
functional group for a development of highly-emissive transition metal complexes and
that the diimine-ligand structure is one of the important factors to characterize the
synergistic MLCT/n(aryl)-p(B) CT interactions. Furthermore, the emission spectral
features of the arylborane—ruthenium(1l) complexes were independent of the number of
an arylborane-appended ligand as described in Chapter 2 and, therefore, it could be
expected that the excited electron in the emissive triplet excited state is localized primarily
on one arylborane-appended ligand in the complex. This indicates that the two ligands
other than the arylborane-appended ligand in a heteroleptic tris-diimine ruthenium(ll)
complex can be utilized as ancillary ligands to control the electronic structures of an
arylborane—ruthenium(11) complex in the ground and excited states.

In this chapter, the synthesis and spectroscopic/photophysical properties of novel
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heteroleptic arylborane—ruthenium(ll) complexes having a series of ancillary ligands L'
([Ru(B2bpy)L"2]?>" (B2bpy = 4,4'-(DBDE).-bpy): 4dpbpy (L' = 4,4'-diphenyl-bpy (4,4'-
pho-bpy)), 4dmbpy (L' = 4,4'-dimethyl-bpy (4,4'-me>-bpy)), 4dpphen (L' = 4,7-diphenyl-
phen (4,7-ph2-phen)), 4dmphen (L' = 4,7-dimethyl-phen (4,7-me2-phen)), 4phen (L' =
phen), Chart 4-1) are described and discuss the properties in terms of the ancillary-ligand
effects. The ligand, B2bpy, has been employed as the common ligand in these five new
complexes, since it is expected that the Bobpy ligand can enhance ®em of the complex
more largely than a 4-DBDE-bpy (Bbpy) or 4,7-(DBDE).-phen (B2phen) ligand. The
phenyl and methyl groups in the ancillary bpy or phen ligand were used as n- and c-type

electron-donating groups, respectively.

2 Bnl

4dpbpy (-X = -CgH5), 4dpphen (-X = -CgH5),
4dmbpy (-X = -CHy) 4dmphen (-X = -CH3),
4phen (-X = -H)

Chart 4-1. Chemical structures of heteroleptic arylborane—ruthenium(ll) complexes.

4-2: Experiments and Methodologies
4-2-1: Synthesis

The synthetic routes to 4dpbpy, 4dmbpy, 4dpphen, 4dmphen, and 4phen are
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shown in Scheme 4-1. The complexes were successfully synthesized as the hexafluoro-
phosphate (PFs") salts similar to the synthetic procedures for 2a. The PFg salt of a
reference complex, [Ru(bpy)(phen)2]?*, was also prepared similar to the synthetic
procedures for 2a. The spectroscopic and photophysical purities of the complexes were
confirmed by single-exponential emission decay in CH3CN at 298 K in addition to the
typical characterization methods described in Chapter 2. The ligand, 4,4'-ph,-bpy, was
prepared according to the literature,™ and other chemicals used for the syntheses of
[Ru(B2bpy)L"2]?* and [Ru(bpy)(phen)2]** were essentially the same with those described

in Chapter 2.
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Synthesis of cis-Dichloridobis(4,4'-diphenyl-2,2*-bipyridine)ruthenium(Il) (cis-
[Ru(4,4'-ph2-bpy)2Cl2]). The synthesis was performed by the reported procedures with
some modifications.??! A suspension of [Ru(COD)CI;], (COD = 1,5-cyclooctadiene, 70
mg, 0.25 mmol on the basis of the ruthenium atom) and 4,4'-phz-bpy (150 mg, 0.49 mmol)
in o-dichlorobenzene (6 mL) was heated at reflux temperature (160°C) for 2 h. After
cooling the suspension, the reaction mixture was added into diethyl ether (40 mL) and
stirred for 30 min. The resulting precipitates were collected by filtration, affording cis-
[Ru(4,4'-ph2-bpy)2Cl.] as black powders (170 mg, 88%). This compound was used in the

following step without any purification and identification.

Synthesis of cis-Dichloridobis(4,4'-dimethyl-2,2'-bipyridine)ruthenium(ll) (cis-
[Ru(4,4'-me2-bpy)2Cl2]). The complex was synthesized similar to the synthesis of cis-
[Ru(4,4'-ph2-bpy)2Cl;] by heating a suspension of [Ru(COD)CI:]. (100 mg, 0.36 mmol)
and 4,4'-mez-bpy (130 mg, 0.71 mmol) in o-dichlorobenzene (10 mL), giving cis-
[Ru(4,4'-me2-bpy)2Cl2] as black powders (180 mg, 92%). This compound was used in the

following step without any purification and identification.

Synthesis of cis-Dichloridobis(4,7-diphenyl-1,10-phenanthroline)ruthenium(ll) (cis-
[Ru(4,7-ph2-phen)2Cl2]). The complex was synthesized similar to the synthesis of cis-
[Ru(4,4'-ph2-bpy)2Cl2] by heating a suspension of [Ru(COD)ClIz]» (100 mg, 0.36 mmol)
and 4,7-phz-phen (240 mg, 0.72 mmol) in o-dichlorobenzene (10 mL), giving cis-[Ru(4,7-
ph2-phen).Cl;] as black powders (170 mg, 56%) after washing the products by a small
amount of ethanol to remove [Ru(4,4'-ph2-phen)z]Cl2 as a byproduct. This compound was

used in the following step without identification.
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Synthesis of cis-Dichloridobis(4,7-dimethyl-1,10-phenanthroline)ruthenium(ll) (cis-
[Ru(4,7-me2-phen)2Cl2]). The complex was synthesized similar to the synthesis of cis-
[Ru(4,4'-ph2-bpy)2Cl2] by heating a suspension of [Ru(COD)CI]. (67 mg, 0.24 mmol)
and 4,7-mez-phen (100 mg, 0.48 mmol) in o-dichlorobenzene (10 mL), giving cis-
[Ru(4,7-me>-phen).Cl2] as black powders (97 mg, 67%) after washing the products by a
small amount of ethanol to remove [Ru(4,4'-me2-phen)s]Cl> as a byproduct. This

compound was used in the following step without identification.

Synthesis of cis-Dichloridobis(1,10-phenanthroline)ruthenium(Il) (cis-[Ru(phen)2-
ClI2]). The complex was synthesized similar to the synthesis of cis-[Ru(4,4'-phz2-bpy).Cl2]
by reacting [Ru(COD)Cl2]n (1.5 g, 5.4 mmol) and phen (1.9 g, 11 mmol) in o-
dichlorobenzene (140 mL), giving cis-[Ru(phen).Cl.] as black powders (2.7 g, 94%).

This compound was used in the following step without any purification and identification.

Synthesis  of  (4,4'-Dibromo-2,2'-bipyridine)bis(4,4'-diphenyl-2,2'-bipyridine)-
ruthenium(ll) Bis(hexafluorophosphate) ([Ru(4,4'-Br2-bpy)(4,4'-ph2-bpy)2](PFs)2).
The synthesis was performed by the reported procedures with some modifications.®! A
suspension of cis-[Ru(4,4'-ph2-bpy)2Cl2] (60 mg, 0.076 mmol) and 4,4'-Br2-bpy (71 mg,
0.23 mmol) in 70 mL of an ethanol/water mixture (1/1, v/v) was heated at 80°C for 5 h.
After cooling to room temperature, ethanol was removed under reduced pressure. The
insoluble residues were removed by filtration, and an excess amount of an NH4PFs(aq)
solution was added to the filtrate. The resulting precipitates were collected and purified
by column chromatography (Al203, CH3CN/CHCIs (1/1, v/v)). The crude product was

dissolved in a minimum amount of acetone and, then, an excess amount of n-hexane was
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added dropwise to the solution, giving [Ru(4,4'-Br.-bpy)(4,4'-ph2-bpy)2](PFe)2 as red
powders (55 mg, 55%). 'H NMR (270 MHz, CDsCN) 6/ppm 8.93 (4H, s, 3,3'-Ar-H of
4,4'-pho-bpy), 8.80 (2H, d, J = 2.2 Hz, 3,3-Ar-H of 4,4-Br,-bpy), 7.98-7.89 (8H, m,
5,5',6,6'-Ar-H of 4,4'-Brp-bpy and 6,6'-Ar-H of 4,4'-ph,-bpy), 7.85 (4H, d, J = 6.0 Hz,
5,5'-Ar-H of 4,4'-ph2-bpy), 7.75-7.55 (20H, m, Ar-H of phenyl); MS (ESI) m/z 516.1

(calcd for [M—2PFg]?* (CssH3sNsBr2Ru): 515.9).

Synthesis  of  (4,4'-Dibromo-2,2'-bipyridine)bis(4,4'-dimethyl-2,2'-bipyridine)-
ruthenium(ll) Bis(hexafluorophosphate) ([Ru(4,4'-Brz-bpy)(4,4'-me2-bpy)2](PFs)2).
The complex was synthesized similar to the synthesis of [Ru(4,4'-Br2-bpy)(4,4'-pho-
bpy)2](PFs)2 by heating a suspension of cis-[Ru(4,4'-mez-bpy)2Cl>] (110 mg, 0.20 mmol)
and 4,4'-Br,-bpy (190 mg, 0.61 mmol) in 200 mL of an ethanol/water mixture (1/1, v/v).
The work-up and purification procedures similar to those mentioned above gave [Ru(4,4'-
Bra-bpy)(4,4'-mez-bpy)2](PFs)2 as red powders (140 mg, 65%). 'H NMR (270 MHz,
CD3CN, TMS) o/ppm 8.71 (2H, s, 3,3'-Ar-H of 4,4'-Brz-bpy), 8.33 (4H, s, 3,3-Ar-H of
4,4'-mey-bpy), 7.58-7.52 (6H, m, 6,6'-Ar-H of 4,4'-Br.-bpy and 6,6-Ar-H of 4,4'-me>-
bpy), 7.47 (2H, d, J = 5.8 Hz, 5,5-Ar-H of 4,4'-Brz-bpy), 7.26-7.19 (4H, m, 5,5'-Ar-H of
4,4'-me2-bpy), 2.53 (6H, s, CHs of 4,4'-me»-bpy), 2.52 (6H, s, CHs of 4,4'-me,-bpy); MS

(ESI) m/z 392.0 (calcd for [M—2PFg]?* (CasH30NeBrzRu): 391.8).

Synthesis of (4,4'-Dibromo-2,2'-bipyridine)bis(4,7-diphenyl-1,10-phenanthroline)-
ruthenium(ll) Bis(hexafluorophosphate) ([Ru(4,4'-Brz-bpy)(4,7-ph2-phen)2](PFs)2).
The complex was synthesized similar to the synthesis of [Ru(4,4'-Brz-bpy)(4,4'-pho-

bpy)2](PFs)2 by heating a suspension of cis-[Ru(4,7-ph2-phen).Cl.] (100 mg, 0.12 mmol)
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and 4,4'-Bro-bpy (110 mg, 0.36 mmol) in 120 mL of an ethanol/water mixture (1/1, v/v).
The work-up and purification procedures similar to those mentioned above gave [Ru(4,4'-
Br2-bpy)(4,7-phz-phen)2](PFe). as red powders (100 mg, 62%). *H NMR (270 MHz,
CD3CN) &/ppm 8.84 (2H, d, J = 2.0 Hz, 3,3-Ar-H of 4,4'-Br,-bpy), 8.50 (2H, d, J =55
Hz, 2,9-Ar-H of 4,7-phz-phen), 8.20 (4H, d, J = 2.5 Hz, 5,6-Ar-H of 4,7-ph2-phen), 8.07
(2H, d, J = 5.5 Hz, 2,9-Ar-H of 4,7-phz-phen), 7.78 (2H, d, J = 5.5 Hz, 6,6'-Ar-H of 4,4'-
Bro-bpy), 7.73-7.54 (26H, m, 5,5'-Ar-H of 4,4'-Br,-bpy, 2,9-Ar-H of 4,7-phz-phen and

Ar-H of phenyl); MS (ESI) m/z 539.5 (calcd for [M—2PFg]** (CssHssNeBrzRu): 540.0).

Synthesis of (4,4'-Dibromo-2,2'-bipyridine)bis(4,7-dimethyl-1,10-phenanthroline)-
ruthenium(l1) Bis(hexafluorophosphate) ([Ru(4,4'-Brz-bpy)(4,7-mez-phen)2](PFe)2).
The complex was synthesized similar to the synthesis of [Ru(4,4'-Br2-bpy)(4,4'-ph2-
bpy)2](PFs)2 by heating a suspension of cis-[Ru(4,7-mez-phen).Cl,] (50 mg, 0.09 mmol)
and 4,4'-Brz-bpy (85 mg, 0.27 mmol) in 100 mL of an ethanol/water mixture (1/1, v/v).
The work-up and purification procedures similar to those mentioned above gave [Ru(4,4'-
Bra-bpy)(4,7-mez-phen)2](PFe)2 as red powders (61 mg, 60%). *H NMR (270 MHz,
CD3CN) 8/ppm 8.72 (2H, s, 3,3-Ar-H of 4,4'-Brz-bpy), 8.38 (4H, d, J = 4.3 Hz, 5,6-Ar-
H of 4,7-me>-phen), 8.06 (2H, d, J =5.3 Hz, 2,9-Ar-H of 4,7-me>-phen), 7.67 (2H, d, J =
5.4 Hz, 2,9-Ar-H of 4,7-mez-phen), 7.63 (2H, d, J = 5.4 Hz, 3,8-Ar-H of 4,7-me>-phen),
7.54-7.43 (4H, m, 5,5',6,6'-Ar-H of 4,4'-Br,-bpy), 7.38 (2H, d, J = 5.4 Hz, 3,8-Ar-H of
4,7-mez-phen), 2.95 (6H, s, CHz of 4,7-mez-phen), 2.85 (6H, s, CHs of 4,7-mez-phen);

MS (ESI) m/z 415.9 (calcd for [M—2PFs]?* (C3sH30NeBrzRu): 415.8).

Synthesis of (4,4'-Dibromo-2,2'-bipyridine)bis(1,10-phenanthroline)ruthenium(ll)
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Bis(hexafluorophosphate) ([Ru(4,4'-Brz-bpy)(phen)2](PFs)2). The complex was
synthesized similar to the synthesis of [Ru(4,4'-Br2-bpy)(4,4'-ph2-bpy).](PFs)2 by heating
a suspension of cis-[Ru(phen)2Cl.] (36 mg, 0.068 mmol) and 4,4'-Br2-bpy (64 mg, 0.20
mmol) in 60 mL of an ethanol/water mixture (1/1, v/v). The work-up and purification
procedures similar to those mentioned above gave [Ru(4,4'-Br2-bpy)(phen)2](PFs). as red
powders (42 mg, 57%). *H NMR (270 MHz, CDsCN) §/ppm 8.77 (2H, d, J = 1.9 Hz, 3,3'-
Ar-H of 4,4'-Br,-bpy), 8.69 (2H, dd, J = 1.4, 8.1 Hz, 4,7-Ar-H of phen), 8.55 (2H, dd, J
= 1.4, 8.1 Hz, 4,7-Ar-H of phen), 8.26 (2H, s, 5,6-Ar-H of phen), 8.24 (2H, s, 5,6-Ar-H
of phen), 7.86-7.78 (6H, m, 2,9-Ar-H of phen and 6,6"-Ar-H of 4,4'-Br,-bpy), 7.58-7.52
(2H, m, 5,5'-Ar-H of 4,4'-Br.-bpy), 7.50-7.47 (4H, m, 3,8-Ar-H of phen); MS (ESI) m/z

388.0 (calcd for [M—2PFs]?* (C34H22NeBrzRu): 387.7).

Synthesis  of  [4,4"-Bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]bis(4,4'-
diphenyl-2,2'-bipyridine)ruthenium(ll) Bis(hexafluorophosphate) (4dpbpy(PFes)2).
An oven-dried Schlenk tube was evacuated and filled subsequently with an argon gas.
[Ru(4,4'-Br,-bpy)(4,4'-ph2-bpy)2] (PFs)2 (50 mg, 0.038 mmol), Cul (2.9 mg, 0.011 mmol),
and Pd(PPh3)2Cl> (1.9 mg, 0.0027 mmol) were added to the tube and, then, the tube was
evacuated and filled with an argon gas again. An argon-gas purged CH3CN/triethylamine
(NEt3) mixture (1.2 mL/0.50 mL) was added to the reaction tube, and the resulting
suspension was stirred at room temperature for 20 min. A tetrahydrofuran (THF) solution
(3.5 mL) of (ethynylduryl)dimesitylborane (EDDB) (45 mg, 0.11 mmol) was then added
dropwise to the reaction mixture. The mixture was stirred at 50°C for 4 h under argon-gas
atmosphere and, then, allowed to cool to room temperature. The insoluble residues were

removed by filtration through Celite® (No. 500), and the filtrate was evaporated to
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dryness. The crude product was dissolved in a minimum amount of acetone and the
solution was added dropwise to an excess amount of n-hexane, giving red precipitates.
After repeating the reprecipitation procedures three times, purifications by column
chromatography (LH-20, CH3CN/ethanol, (1/1, v/v)) followed by preparative HPLC
(GPC, chloroform) afforded 4dpbpy(PFs). as red powders (30 mg, 50%). *H NMR (270
MHz, CD3:CN, TMS) é/ppm 8.96 (4H, s, 3,3'-Ar-H of 4,4'-ph2-bpy), 8.74 (2H, s, 3,3"-Ar-
H of Babpy), 7.95-7.88 (12H, m, 6,6'-Ar-H of 4,4'-ph,-bpy and B:bpy and Ar-H of
phenyl), 7.75-7.54 (14H, m, 5,5'-Ar-H of B2bpy and Ar-H of phenyl), 6.80 (8H, s, Ar-H
of mes), 2.44(12H, s, CHs, m-positions of duryl groups), 2.24 (12H, s, CHs, o-positions
of duryl groups), 2.02 (12H, s, CHs, p-positions of mes groups), 1.94 (24H, s, CHs, o-
positions of mes groups); MS (ESI) m/z 841.2 (calcd for [M—2PFs]?* (C114H106NsB2RU):
841.4). Elemental analysis calcd (%) for Ci14H10sNeB2RUP2F12:2.5CHCl3: C 61.34, H

4.79, N 3.68; found: C 61.57, H 4.77, N 3.65.

Synthesis  of  [4,4"-Bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]bis(4,4'-
dimethyl-2,2'-bipyridine)ruthenium(l1) Bis(hexafluorophosphate) (4dmbpy(PFes)2).
The complex was synthesized similar to the synthesis of 4dpbpy(PFs). by reacting
[Ru(4,4'-Br2-bpy)2(4,4'-me2-bpy)](PFes)2 (62 mg, 0.057 mmol), Cul (1.5 mg, 0.0080
mmol), Pd(PPhs3)2Cl2 (2.8 mg, 0.0040 mmol) in CH3CN/NEt; (1.8 mL/0.70 mL) and a
THF (3.5 mL) solution of EDDB (70 mg, 0.17 mmol), giving 4dmbpy(PFs)2 as red
powders (52 mg, 53%). 'H NMR (270 MHz, CDsCN) 6/ppm 8.65 (2H, s, 3,3'-Ar-H of
Bobpy), 8.36 (4H, s, 3,3'-Ar-H of 4,4'-me,-bpy), 7.74-7.68 (2H, m, 6,6'-Ar-H of B2bpy),
7.63-7.56 (2H, m, 6,6'-Ar-H of 4,4'-mex-bpy), 7.55-7.48 (2H, m, 6,6'-Ar-H of 4,4'-me-

bpy), 7.47-7.41 (2H, m, 5,5'-Ar-H of 5,5'-Ar-H of B,bpy), 7.32-7.18 (4H, m, 5,5'-Ar-H
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of 4,4'-mez-bpy), 6.80 (8H, s, Ar-H of mes), 2.53 (12H, s, CHs of 4,4'-mez-bpy), 2.44(12H,
s, CHs, m-positions of duryl groups), 2.25 (12H, s, CHs, o-positions of duryl groups),
2.02 (12H, s, CHs, p-positions of mes groups), 1.94 (24H, s, CHs, o-positions of mes
groups); MS (ESI) m/z 717.2 (calcd for [M—2PFs]?* (CeaHgsNeB2RU): 717.4). Elemental
analysis calcd (%) for CoaHogNeB2RUP2F12:0.3CHClIs: C 64.34, H 5.40, N 4.77; found: C

64.19, H 5.56, N 4.72.

Synthesis of [4,4-Bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]bis(4,7-
diphenyl-1,10-phenanthroline)ruthenium(l1) Bis(hexafluorophosphate)
(4dpphen(PFs)2). The complex was synthesized similar to the synthesis of 4dpbpy(PFs).
by reacting [Ru(4,4'-Br2-bpy)(4,7-ph2-phen)2](PFs)2 (150 mg, 0.11 mmol), Cul (2.7 mg,
0.014 mmol)), Pd(PPh3).Cl> (5.5 mg, 0.0078 mmol) in CH3CN/NEtsz (3.3 mL/1.6 mL)
and a THF (2.6 mL) solution of EDDB (200 mg, 0.50 mmol), giving 4dpphen(PFs). as
red powders (17 mg, 7.6%). *H NMR (270 MHz, CDsCN, TMS) 6/ppm 8.78 (2H, s, 3,3'-
Ar-H of Bzbpy), 8.40 (2H, d, J = 5.7 Hz, 2,9-Ar-H of 4,7-ph2-phen), 8.22 (2H, s, 5,6-Ar-
H of 4,7-ph2-phen), 8.21 (2H, s, 5,6-Ar-H of 4,7-ph2-phen), 8.11 (2H, d, J = 5.7 Hz, 2,9-
Ar-H of 4,7-phz-phen), 7.86 (2H, d, J = 5.7 Hz, 3,8-Ar-H of 4,7-ph,-phen), 7.80 (2H, d,
J=5.7 Hz, 3,8-Ar-H of 4,7-ph>-phen), 7.66-7.60 (22H, m, 6,6'-Ar-H of Bobpy and Ar-H
of phenyl), 7.45 (2H, d, J = 5.9 Hz, 5,5'-Ar-H of B;bpy), 6.80 (8H, s, Ar-H of mes), 2.44
(12H, s, CHs, m-positions of duryl groups), 2.24 (12H, s, CHs, o-positions of duryl
groups), 2.01 (12H, s, CHs, p-positions of mes groups), 1.93 (24H, s, CHs, o-positions of
mes groups); MS (ESI) m/z 865.1 (calcd for [M—2PFs]?* (C11sH106NeB2RU): 865.4).
Elemental analysis calcd (%) for Ci1sH10sNeB2RUP2F12-1.1CHClI3: C 66.47, H 5.02, N

3.91; found: C 66.36, H 4.98, N 3.87.
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Synthesis of [4,4'-Bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]bis(4,7-
dimethyl-1,10-phenanthroline)ruthenium(ll) Bis(hexafluorophosphate)
(4dmphen(PFe)2). The complex was synthesized similar to the synthesis of
4dpbpy(PFe)2 by reacting [Ru(4,4'-Bro-bpy)2(4,7-me2-phen)](PFe)2 (100 mg, 0.089
mmol), Cul (4.9 mg, 0.026 mmol), Pd(PPhs).Cl: (4.38 mg, 0.0063 mmol) in CH3CN/NEt3
(2.8 mL/1.2 mL) and a THF (2.0 mL) solution of EDDB (150 mg, 0.38 mmol), giving
4dmphen(PFe)2 as red powders (25 mg, 16%). *H NMR (270 MHz, CDsCN, TMS) 6/ppm
8.71-8.68 (2H, m, 3,3-Ar-H of Bzbpy), 8.39 (4H, d, J = 3.8 Hz, 2,9-Ar-H of 4,7-mex-
phen), 8.12 (2H, d, J = 5.4 Hz, 5,6-Ar-H of 4,7-me;-phen), 7.70 (2H, d, J = 5.4 Hz, 5,6-
Ar-H of 4,7-mez-phen), 7.68-7.63 (4H, m, 3,8-Ar-H of 4,7-me,-phen), 7.40 (2H, d, J =
6.3 Hz, 6,6'-Ar-H of Bobpy), 7.35 (2H, m, 5,5'-Ar-H of Bzbpy), 6.80 (8H, s, Ar-H of mes),
2.96 (6H, s, CHs of 4,7-me2-phen), 2.86 (6H, s, CH3 of 4,7-mez-phen), 2.42 (12H, s, CHs,
m-positions of duryl groups), 2.24 (12H, s, CHs, o-positions of duryl groups), 2.01 (12H,
s, CHs, p-positions of mes groups), 1.93 (24H, s, CHs, o-positions of mes groups); MS
(ESI) m/z 741.3 (calcd for [M—2PFs]?* (CosHesNeB2RU): 741.2). Elemental analysis calcd
(%) for CegHegNsB2RUP2F12-1.2CHCl3: C 62.19, H 5.22 N 4.39; found: C 62.16, H 5.26,

N 4.34.

Synthesis  of  [4,4'-Bis{(dimesitylboryl)durylethynyl}-2,2'-bipyridine]bis(1,10-
phenanthroline)ruthenium(ll)  Bis(hexafluorophosphate)  (4phen(PFe)2). The
complex was synthesized similar to the synthesis of 4dpbpy(PFs). by reacting [Ru(4,4'-
Bra-bpy)2(phen)](PFs)2 (100 mg, 0.094 mmol), Cul (2.3 mg, 0.012 mmol), Pd(PPh3).Cl

(4.6 mg, 0.0066 mmol) in CH3CN/NEtz (3.2 mL/1.5 mL) and a THF (2.4 mL) solution of
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EDDB (170 mg, 0.42 mmol), giving 4phen(PFs)2 as red powders (77 mg, 48%). *H NMR
(270 MHz, CD3CN, TMS) o/ppm 8.71-8.68 (4H, m, 3,3'-Ar-H of Bobpy and 4,7-Ar-H of
phen), 8.57 (2H, d, J = 8.0 Hz, 4,7-Ar-H of phen), 8.31-8.29 (2H, m, 2,9-Ar-H of phen),
8.27 (2H, s, 5,6-Ar-H of phen), 8.25 (2H, s, 5,6-Ar-H of phen), 7.89-7.81 (4H, m, 2,3,8,9-
Ar-H of phen), 7.66 (2H, d, J = 5.9 Hz, 6,6'-Ar-H of Bzbpy), 7.57 (2H, dd, J = 5.4, 8.4
Hz, 3,8-Ar-H of phen), 7.35 (2H, dd, J =1.6, 6.2 Hz, 5,5'-Ar-H of B2bpy), 6.80 (8H, s, Ar-
H of mes), 2.42 (12H, s, CHs, m-positions of duryl groups), 2.24 (12H, s, CHs, 0-positions
of duryl groups), 2.01 (12H, s, CHs, p-positions of mes groups), 1.93 (24H, s, CHs, o-
positions of mes groups); MS (ESI) m/z 713.2 (calcd for [M—2PFs]?* (CosHsoNsB2RU):
713.2). Elemental analysis calcd (%) for CoaHaoNsB2RUP2F12-1.2CHCIs: C 61.49, H 4.52,

N 4.90; found: C 61.34, H 4.93, N 4.44.

Synthesis of (2,2'-bipyridine)bis(1,10-phenanthroline)ruthenium(ll) Bis(hexa-
fluorophosphate) ([Ru(bpy)(phen)2](PFs)2). The complex was synthesized similar to
the synthesis of [Ru(4,4'-Br.-bpy)(4,4'-ph2-bpy)2](PFs)2 by heating a suspension of cis-
[Ru(phen)2Cl2] (64 mg, 0.12 mmol) and bpy (37 mg, 0.24 mmol) in 120 mL of an
ethanol/water mixture (1/1, v/v), giving [Ru(bpy)(phen)2](PFe)2 as red powders (78 mg,
72%). 'H NMR (270 MHz, CD3CN, TMS) 6/ppm 8.66 (2H, dd, J = 1.1, 8.1 Hz, 3,3-Ar-
H of bpy), 8.57-8.50 (4H, m, 2,9-Ar-H of phen), 8.25 (2H, s, 5,6-Ar-H of phen), 8.24 (2H,
s, 5,6-Ar-H of phen), 8.20 (2H, dd, J = 1.1, 5.4 Hz, 4,7-Ar-H of phen), 8.03 (2H, td, J =
1.6, 8.1 Hz, 4,4-Ar-H of bpy), 7.89 (2H, dd, J = 1.1, 5.4 Hz, 4,7-Ar-H of phen), 7.79 (2H,
dd, J =5.1, 8.6 Hz, 3,8-Ar-H of phen), 7.68 (2H, d, J = 5.6 Hz, 6,6'-Ar-H of bpy), 7.56
(2H, dd, J =5.1, 8.6 Hz, 3,8-Ar-H of phen), 7.28 (2H, ddd, J = 1.4, 5.9, 8.4 Hz, 5,5'-Ar-

H of bpy); MS (ESI) m/z 309.1 (calcd for [M—2PFs]?* (CasH24NsRu): 308.8). Elemental
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analysis calcd (%) for CasH2aNeRUP2F12-0.3H20: C 44.73, H 2.72, N 9.20; found C 44.50,

H 2.50, N 8.96.

4-2-2: Other Chemicals, Physical Measurements, and Theoretical Calculations

The solvents used for spectroscopic and electrochemical measurements reported
in this chapter were essentially the same with those described in Chapter 2. All of the
physical measurements and theoretical calculations reported in this chapter were

performed under the identical conditions to those described in Chapter 2.

4-3: Results and Discussion
4-3-1: Redox Potentials

The ancillary-ligand effects on the electronic structures of [Ru(Bzbpy)L'2]**
including 2c (L' = bpy) were evaluated by electrochemical measurements. The cyclic
(CVs) and differential pulse voltammograms (DPVs) of the complexes in N,N-
dimethylformamide (DMF) are shown in Figures 4-1 and 4-2, and the redox potentials of
the complexes determined by the peak potentials of DPVs are summarized in Table 4-1.
[Ru(B2bpy)L'2]** showed quasi-reversible oxidation waves responsible for the metal
oxidation (Eox) at +0.72—+0.81 V vs. a ferrocene/ferrocenium ion redox couple (Fc/Fc*).
The Eox value of 4dpbpy (+0.76 V) was shifted to the negative direction compared to that
of 2c (+0.81 V), indicating the increase in the electron density on the ruthenium atom
through the n-electron donation effects of the phenyl groups in the 4,4'-ph2-bpy ligands.
The Eox value of 4dmbpy (+0.72 V) was shifted to the more negative potential region
than that of dpbpy owing to the stronger electron donating ability of the methyl group

originated from the hyperconjugation of the groups in the 4,4'-me,-bpy ligands. The effect
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of the methyl groups in L' on Eox was almost independent of the diimine-ligand structure
as suggested by the comparable Eox values of 4dmbpy and 4dmphen (+0.73 V). On the
other hand, the Eox value of 4dpphen (+0.80 V) was more positive than that of 4dpbpy.
The difference in Eox between 4dpphen and 4dpbpy is explainable by the weaker electron
donating ability of 4dpphen relative to that of 4dpbpy owing to the larger dihedral angle
between the phen and phenyl moieties (~52° estimated by the optimized geometry by
DFT calculation) than that between the bpy and phenyl moieties in 4dpbpy (~349°).

Similar to 2a or 3a, [Ru(B2bpy)L'2]** also exhibited multiple reversible or quasi-
reversible reduction waves (Ered1-s) originated from the ligand reductions. The first (Ered1),
second (Ered2), and third reduction waves (Ered3) correspond to the sequential reductions
of the three diimine moieties in a complex, and the fourth (Ereds4) and fifth reduction waves
(Ereas) are ascribed to the reduction of one and another DBDE groups in Babpy,
respectively, as described in Chapter 2. The Erea1 value of [Ru(B2bpy)L'2]** (—1.52 to
—1.56 V) are almost independent of L' and observed at a more positive potential region
compared to [Ru(bpy)s]?* (-1.71 V) or [Ru(bpy)(phen)]?>* (=1.72 V). The results
demonstrate that Ereq1 Of the complexes are assigned to the reduction of B:bpy,
irrespective of L', and that the *-orbital energy of the bpy moiety in B2bpy is controlled
primarily by the electron-withdrawing ability of the DBDE group. The reduction waves
for Ered2 and Ereqs Of the complexes are assigned to the reductions of L'. In practice, the
Ered2/3 values of the complexes were dependent on L' while Ereq1 Was comparable with
each other, irrespective of L.

Since the first oxidation and reduction potentials are related to the highest-energy
occupied molecular orbital (HOMO) and lowest-energy unoccupied molecular orbital

(LUMO) of a complex, respectively, the ancillary-ligand effects on HOMO and LUMO

- 158 -



of [Ru(B2bpy)L'2]** were evaluated by DFT calculations. The Kohn-Sham MOs of the
complexes are shown in Figures 4-3-4-8, and the details of the calculated MOs are
summarized in Tables 4-2—4-7. The HOMO of the complex distributes primarily to the
ruthenium atom and B2bpy ligand irrespective of the complexes. The HOMO is localized
on the ruthenium atom of the complex more largely in the presence of the stronger
electron-donating groups in L' and, furthermore, the HOMO energy of [Ru(Bzbpy)L'2]**
increases with an increase in the HOMO population on the ruthenium atom: 4dmbpy
(~59%, —5.90 eV) > 4dmphen (~56%, —5.90 eV) > 4dpbpy (~52%, —5.93 eV) >
4dpphen (~44%, —5.94 eV) > 2¢ (~41%, —5.97 eV) > 4phen (~36%, —5.97 e¢V). The
sequence of the HOMO energy mentioned above agrees with that of Eox as confirmed by
Scheme 4-2. Since the HOMO of [Ru(Bzbpy)L'2]*" is characterized by the contributions
from both d-orbital of the ruthenium(ll) atom and =-orbital of the B:bpy ligand,
destabilization of the d-orbital energy by electron donation from the ancillary ligands is
expected to increase the HOMO energy and the contribution of the ruthenium atom to
HOMO. On the other hand, the LUMOs of [Ru(B2bpy)L'2]** are localized on the Bzbpy
ligand, irrespective of L', and the LUMO distributions and energies (—2.73 to —2.77 eV)
of the complexes are comparable with one another. These results indicate that the LUMO
of [Ru(Bzbpy)L'2]%* is insensitive to L' similar to the results on Er. These redox
potentials and MOs of the complexes suggest that the spectroscopic and photophysical
properties of [Ru(Bz2bpy)L'2]*" are characterized by the electronic structures of the

ancillary ligand and the main ligand (i.e., B2bpy).
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Current

Potential / V vs. Fc/F¢'

Figure 4-1. CVs (solid curves) and DPVs (broken curves) of 4dpbpy, 4dmbpy, 2c, and
[Ru(bpy)s]?* in DMF containing 0.1-M TBAPFe. The vertical-axis scale is 5 pA per
division. The data for 2c and [Ru(bpy)s]?* were taken from Chapter 2.
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Current

Potential / V vs. Fc/Fc”

Figure 4-2. CVs (solid curves) and DPVs (broken curves) of 4dpphen, 4dmphen, 4phen,
and [Ru(bpy)(phen)2]?* in DMF containing 0.1-M TBAPFs. The vertical-axis scale is 5

PA per division.
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Table 4-1. Redox potentials of the complexes in DMF containing 0.1-M TBAPFe.

Potential E / VV vs. Fc/Fc* 2

Complex
red5 red4 red3 red2 redl 0X

4dpbpy -249 233 -199 177 -152 +0.76
4dmbpy 247 234 -214 -193 -154 +0.72
2cP -246 234 206 -1.83 -152 +0.81
[Ru(bpy)s]**® -2.16 -1.90 -1.71 +0.79
4dpphen -247 233 -196 -1.76 -152 +0.80
4dmphen -248 234 -215 -197 -156 +0.73
4phen -253 235 207 -185 -154 +0.81
[Ru(bpy)(phen)2]?* -2.18 -1.89 -1.72 +0.80

2 The values were determined by the peak potentials of DPV of the complexes.

b Data taken from Chapter 2.
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Figure 4-5. The Kohn—-Sham MOs of 4dpphen (contour = 0.02 eA™3).
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Table 4-2. Calculated molecular orbitals of 4dpbpy in CH3CN.

MO Population / %

Moleqular Eigenvalue ) Babpy 4.4 phy-bpy
Orbital / Hartrees | ruthenium bpy 1 ethynyl | duryl | boron | mesityl | bpy oh
LUMO+3 | -0.08157 1.16 46.22 ¢ 1426 2119 7.18 9.25 0.68 : 0.06
LUMO+2 | —0.09314 7.64 1.00 0.03 0.02 : 0.00 0.01 | 79.81 : 11.49
LUMO+1 | —0.09485 5.59 5.89 0.59 0.65: 0.11 0.14 | 76.14 : 10.89
LUMO —0.10148 4.63 67.38 7.59 7.71 . 0.95 1.36 9.26 | 1.12
HOMO —0.21805 52.44 9.36 850 :17.49: 0.31 3.06 724 160
HOMO-1 —0.21819 41.73 10.18 i 11.61 : 2403 @ 0.42 4.20 6.32 151
HOMO-2 | —0.22464 68.37 4.46 1.12 2.85 ¢ 0.05 0.74 | 1484 @ 7.57
HOMO-3 | —0.22748 0.00 0.00 0.05 {1148 1.07 : 87.40 0.00 | 0.00
Table 4-3. Calculated molecular orbitals of 4dmbpy in CH3CN.

Molecular | Eigenvalue MO BPog:JuIatlon [% 2 4-merb
Orbital / Hartrees | ruthenium 20Dy - 2 Me20DY
bpy : ethynyl : duryl : boron | mesityl | bpy me
LUMO+3 | -0.08116 1.19 4551 ¢ 1422 2143 748 9.65 0.52 : 0.00
LUMO+2 | —0.08712 6.67 0.96 0.04 0.02 : 0.00 0.00 | 88.31 : 4.00
LUMO+1 | —0.08909 4.28 2.27 0.23 0.28 . 0.06 0.07 | 88.79 : 4.02
LUMO —0.10052 5.67 70.92 8.01 8.22 1.06 1.49 449 ¢ 0.14
HOMO —0.21683 58.67 8.98 7.33 11452 0.25 2.43 753 @ 0.29
HOMO-1 | —0.21731 44.30 10.32 : 1140 : 2293 : 0.40 3.89 6.49 | 0.27
HOMO-2 | —0.22474 71.32 5.07 1.97 515 0.09 135 | 1404 : 1.01
HOMO-3 | —0.22745 0.00 0.00 0.05 {1157 107 : 87.31 0.00 | 0.00
Table 4-4. Calculated molecular orbitals of 4dpphen in CH3:CN.

Molegular Eigenvalue MO BP;E);;atlon [% 4.7-phy-phen
Orbital / Hartrees | ruthenium bpy | ethynyl | duryl | boron | mesityl | phen oh
LUMO+3 | -0.08821 1.11 0.31 0.00 0.01 . 0.00 0.00 | 87.56 : 11.01
LUMO+2 | —0.09049 7.69 1.12 0.04 0.04 = 0.01 0.01 | 82.03 @ 9.06
LUMO+1 | -0.09257 5.50 4.26 0.34 0.40 . 0.07 0.09 | 80.39 : 8.95
LUMO —0.10136 5.00 69.13 7.83 7.95 0.99 1.41 7.08 | 0.61
HOMO —0.21836 41.03 10.23 © 1161 2409 @ 0.42 4.26 7.09 @ 127
HOMO-1 | —0.21848 49.02 9.82 9.40 :19.60 : 0.34 3.46 721 115
HOMO-2 | —0.22439 67.21 3.81 0.20 043 : 0.01 011 | 2135 @ 6.88
HOMO-3 | —0.22748 0.00 0.00 0.05 {1146 107 : 87.42 0.00 | 0.00
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Table 4-5. Calculated molecular orbitals of 4dmphen in CH3CN.

Molecular

Eigenvalue

MO Population / %

Orbital | /Hartrees | ruthenium Bzbpy . 4,7-mez-phen
bpy : ethynyl i duryl : boron | mesityl | phen me
LUMO+3 | -0.08319 0.23 1.01 0.09 0.13: 0.04 0.05 | 90.93 | 7.52
LUMO+2 | -0.08432 1.61 0.50 0.02 0.01: 0.00 0.01 | 90.64 : 7.21
LUMO+1 | -0.08462 4.73 1.75 0.06 0.07 ¢ 0.02 0.03 | 90.90 | 2.44
LUMO —0.10029 5.93 71.44 8.12 8.36 i 1.08 1.53 3.48 : 0.06
HOMO —0.21698 56.27 9.34 7.86 @ 1565 : 0.27 2.63 764 ¢ 034
HOMO-1 | -0.21727 44.17 10.27 ¢ 1127 22,63 : 0.39 3.84 7.09 i 034
HOMO-2 | -0.22367 72.57 4.34 0.58 1.42 : 0.02 034 | 1931 @ 142
HOMO-3 | —0.22744 0.00 0.00 0.05 : 1156 : 1.07 @ 87.32 0.00 | 0.00
Table 4-6. Calculated molecular orbitals of 4phen in CH3CN.
Molecular | Eigenvalue MOBPog:JuIatlon [% h
Orbital / Hartrees | ruthenium 20Dy - phen
bpy : ethynyl i duryl : boron | mesityl | phen
LUMO+3 | -0.08539 1.13 0.43 0.00 0.00 i 0.00 0.00 | 98.44
LUMO+2 | -0.08944 7.59 1.12 0.05 0.05: 0.01 0.02 | 91.16
LUMO+1 | -0.09129 5.12 2.97 0.21 0.25: 0.05 0.06 | 91.34
LUMO —0.10164 5.28 70.89 7.98 8.09 i 1.00 1.43 5.33
HOMO —0.21950 36.45 10.87 ¢ 13.14 :28.37 : 0.49 5.27 5.41
HOMO-1 —0.21965 43.40 10.72 ¢ 11.14 | 2418 0.42 4.49 5.65
HOMO-2 | -0.22751 0.00 0.00 0.05 | 1145  1.07 . 87.43 0.00
HOMO-3 | -0.22770 0.00 0.01 0.05 :11.78 : 1.07 : 87.09 0.00
Table 4-7. Calculated molecular orbitals of [Ru(bpy)(phen)2]?* in CHsCN.
Molecular | Eigenvalue MO Pt;)pulatlon [% h
Orbital / Hartrees | ruthenium by PrEn
bpy phen
LUMO+3 | -0.08548 1.14 0.39 98.47
LUMO+2 | —0.08955 7.70 1.30 91.00
LUMO+1 | -0.09034 7.25 38.62 54.13
LUMO —0.09361 2.16 54.21 43.63
HOMO —0.22610 83.43 5.66 10.91
HOMO-1 | -0.23020 74.77 451 20.72
HOMO-2 | -0.23165 77.81 8.56 13.63
HOMO-3 | —0.26461 4.37 1.42 94.21
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Scheme 4-2. Calculated HOMO/LUMO energies (a) and redox potentials (b) of the complexes.



4-3-2: Absorption Spectra

Figure 4-9 shows the absorption spectra of the complexes in CH3CN at 298 K.
The absorption maximum wavelength (Zaps) and corresponding molar absorption
coefficients (¢) are summarized in Table 4-8. All of the complexes show the intense
absorption bands in <340 nm, and they are assigned to the ‘nn* transitions of the diimine
ligands. Although the methyl groups in L' did not affect the Aaps value of the nn* band,
the absorption band of 4dpbpy (Aabs = 309 nm) or 4dpphen (Laps = 279 nm) was shifted
to the longer wavelength compared to that of 2¢ (1abs = 289 nm) or 4phen (Aabs = 263 nm),
respectively. Since the energy difference in the absorption bands (in a wavenumber scale)
between these complexes is almost independent of the diimine-ligand structure (~2200
cm1), the lower-energy shift of the band observed for 4dpbpy relative to 2c is explainable
by stabilization of the 7*-orbital energy of L' by the introduction of the phenyl groups to
L'. Furthermore, [Ru(B2bpy)L'2]** exhibits a characteristic absorption band in 300-400
nm, which is the superposition of the nn* band in the durylethynyl-bpy moiety and the
n(aryl)-p(B) CT band in the triarylborane moieties as described in Chapter 2.

[Ru(B2bpy)L'2]** showed the longer-wavelength shifted (i.e., lower-energy shift)
and intense *MLCT absorption band (Zabs = 480-493 nm) compared to [Ru(bpy)s]?* (Aabs
=451 nm) or [Ru(bpy)(phen)2]?* (Aabs = 446 nm). The lower-energy shifts of the tMLCT
bands of these complexes would be originated primarily from the low-energy n*-orbital
of the B2bpy ligand as described above. Furthermore, the phenyl or methyl groups in L'
of the complex gave a further lower-energy shift of the *MLCT band by 300-500 cm™?,
presumably due to destabilization of the ground state of the complex as suggested by the
electrochemical data. To evaluate the ancillary-ligand effects on the *MLCT absorption,

the IMLCT absorption maximum energies (Eaps) of [Ru(B2bpy)L'2]>* were plotted against
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the difference in the redox potentials (Eox — Ered) in Figure 4-10, together with the relevant
data of the reference complexes! including the complexes described in Chapter 2 (i.e.,
[Ru(B2bpy)s]** (2a), [Ru(B2bpy)2(bpy)]** (2b) and [Ru{4-DBDE-bpy}n(bpy)s-n]**" (2a'~
c')). A good proportional relationship between Eaps and (Eox — Ered) With the slope of 1.09
eV/V (r = 0.9998) demonstrates that the *MLCT absorption energy of [Ru(Bzbpy)L'2]**
is manipulated synthetically by the electron-donating ability of the ancillary ligand(s)
through the control of the redox potentials of the complex.

The molar absorption coefficient of the MLCT band (emLct) of [Ru(B2bpy)L'2]*
(emLcT = (2.2-3.3) x 10* Mtcm™) was larger than that of the relevant reference complex
[Ru(bpy)s]?* (emict = 1.3 x 10* M~*cm™) or [Ru(bpy)(phen)2]?* (emict = 1.7 x 10%
M~tcm™). Such enhancement of emicr is explainable by the synergistic MLCT/n(aryl)—
p(B) CT interactions as described in Chapter 2. Furthermore, the larger emLct values
relative to those of 2c and 4phen (emLct = 2.4 x 10* M~tcm™) were observed for 4dpbpy
(emLet = 3.3 x 10* Mtem™) and 4dpphen (emict = 3.1 x 10* Mtecm™). The large emict
values of the complexes suggest an increase in the MLCT absorption transition dipole
moment by introduction of the phenyl groups to L".

To reveal more details about the ancillary-ligand effects on the absorption
spectrum, TD-DFT calculations were performed for [Ru(Bzbpy)L'2]?*. The absorption
transition energies and the relevant oscillator strengths (f) for the singlet excited states of
[Ru(B2bpy)L2]** and [Ru(bpy)(phen).]?* are summarized in Tables 4-9-4-14, and the
relevant data on 2c and [Ru(bpy)s]** have been reported in Chapter 2. The calculated
results are compared with the observed absorption spectra in Figure 4-11, in which the
calculated transitions are shifted to the lower-energy by 5% to correct the overestimation

of the transition energy by TD-DFT.B! As clearly seen in Figure 4-11, TD-DFT
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calculations explain very well the low-energy and intense *MLCT absorption observed
for [Ru(Bzbpy)L'2]**. The HOMO-5, HOMO-1, and HOMO of 4dpbpy, 4dmbpy,
4dpphen and 4dmphen or HOMO—7, HOMO—1, and HOMO of 2¢ and 4phen distribute
to the relevant ruthenium-Bz2bpy moiety, and LUMO is localized on the respective Bobpy
ligand. Therefore, the lowest-energy singlet excited state (S1) of [Ru(Bzbpy)L'2]?* is
ascribed primarily to the synergistic MLCT/n(aryl)-p(B) CT/an*(durylethynyl-bpy)
transition (100% for 2c and 77-80% for the other complexes). Furthermore, the partial
contributions of the HOMO—2—LUMO transitions in 4dpbpy, 4dmbpy, 4dpphen, and
4dmphen or HOMO—4—LUMO transition in 4phen to S: (20-23%) suggest mixing
between the MLCT and Ligand-to-Ligand Charge Transfer (LLCT) transitions in the
excited states of these complexes, since the HOMO—-2 of 4dpbpy, 4dmbpy, 4dpphen
and 4dmphen or HOMO—4 of 4phen distribute to the relevant ruthenium atoms and
ancillary ligands. In particular, the HOMO-2 of 4dpbpy or 4dpphen is populated on the
phenyl groups in L' (7-8%) and, therefore, the resulting larger absorption transition dipole
moment relative to that of 2c or 4phen would results in the larger emccT value of 4dpbpy
or 4dpphen, respectively, than that of 2c or 4phen. As the results, the low-energy and
intense MLCT absorption observed for [Ru(Bzbpy)L'2]?* including its ancillary-ligand

effects can be explained successfully by the results on the TD-DFT calculations.
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(a) and 4dpphen, 4dmphen, 4phen, and [Ru(bpy)(phen)2]?* (b)) in CHsCN at 298 K.
The data for 2¢ and [Ru(bpy)s]?* were taken from Chapter 2.
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Table 4-8. Absorption parameters of the complexes in CH3CN at 298 K.

Complex Jabs I nm (g / 10* Mem™)
4dpbpy 309 (10 ) 374sh(6.2) 490 (3.3)
4dmbpy 287 (7.7) 371 (5.1) 493(2.2)
2¢? 289 (8.2) 371 (5.7) 481(2.4)
[Ru(bpy)s]?*® 287 ( 8.2) 451 (1.3)
4dpphen 279 (11 ) 378sh(5.0) 487 (3.1)
4dmphen 263 (12 ) 377sh(5.1) 491 (2.5)
4phen 263 ( 9.5) 374 (5.0) 480(2.4)
[Ru(bpy)(phen)2]?* 264 ( 8.7) 446 (1.7)

2 Data taken from Chapter 2.
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Figure 4-10. Relationship between the Eaps and (Eox — Eredq1) values of ruthenium(ll)
complexes. Red open boxes represent the data on the arylborane—ruthenium(ll)
complexes described in Chapter 2. Blue open boxes represent the data on the [RuLs]?*
complexes reported by Tazuke et al. (L = 2-(2-pyridyl)pyrimidine (1), 4-methyl-2-(2-
pyridyl)pyrimidine (2), 5-phenyl-2-(2-pyridyl)pyrimidine (3), 2,2"-bipyrimidine (4), 6-
methyl-4-(2-pyridyl)pyrimidine  (5), 6-phenyl-4-(2-pyridyl)pyrimidine (6), 6,6'-
dimethyl-4,4'-bipyrimidine (7), 2,2'-bipyrazine (8), 3,3'-bipyridazine (9), 4,4'-dimethyl-
bpy (10), phen (11)) in CH3CN at 298 K whose data were taken from [4]. The data on
[Ru(B2bpy)L'2]?* are taken from Tables 4-1 and 4-8. The green line represents the linear
regression between Eaps and (Eox — Ered1), in Which the intercept has been fixed at 0 eV.
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Figure 4-11. Comparison of the observed absorption spectra and oscillator strengths
(perpendicular bars) estimated by TD-DFT calculations for the complexes in CH3CN at
298 K. The data for 2¢ and [Ru(bpy)s]** were taken from Chapter 2.
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Table 4-9. Calculated excited states of 4dpbpy in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-5
HOMO-2
HOMO

— LUMO
—LUMO (23%)
— LUMO  (59%)

(18%)

2.4689 eV (502.18 nm)

0.0671

Sy

HOMO-5
HOMO-2
HOMO

— LUMO+2 (23%)
— LUMO+2 (19%)
— LUMO+2 (58%)

2.6050 eV (475.95 nm)

0.0690

S3

HOMO-5
HOMO-2
HOMO
HOMO

— LUMO+1 (15%)
— LUMO+1 (22%)
—LUMO  (18%)
— LUMO+1 (45%)

2.6097 eV (475.09 nm)

0.0234

S4

HOMO-2
HOMO-1
HOMO-1
HOMO

S LUMO (57%)
—LUMO  (12%)
— LUMO+2 (12%)
— LUMO+1 (19%)

2.6301 eV (471.40 nm)

0.0286

Ss

HOMO-8
HOMO-2
HOMO-1
HOMO-1
HOMO
HOMO

SLUMO ( 9%)
— LUMO+2 (12%)
—LUMO  (43%)
— LUMO+1 (12%)
—LUMO  (11%)
— LUMO+2 (13%)

2.6334 eV (470.81 nm)

0.6115

Se

HOMO-14— LUMO+2 (15%)

HOMO-8
HOMO-1
HOMO

— LUMO+2 (19%)
— LUMO+2 (54%)
— LUMO+2 (12%)

2.7338 eV (453.52 nm)

0.0036

S7

HOMO-14— LUMO+1 (13%)

HOMO-8
HOMO-1
HOMO

— LUMO+1 (17%)
— LUMO+1 (57%)
— LUMO+1 (13%)

2.7633 eV (448.69 nm)

0.1322

Sg

HOMO-2
HOMO-1

— LUMO+1 (66%)
— LUMO+2 (34%)

2.8325eV (437.72 nm)

0.3013

So

HOMO-2
HOMO-1

— LUMO+2 (67%)
— LUMO+1 (33%)

3.0009 eV (413.16 nm)

0.0793

S1wo

HOMO-11— LUMO

HOMO-5
HOMO-2
HOMO-1

(13%)
—LUMO  (58%)
—LUMO (11%)
— LUMO+3 (18%)

3.0141 eV (411.35 nm)

0.5903
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Table 4-10. Calculated excited states of 4dmbpy in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-5
HOMO-2
HOMO

— LUMO
— LUMO
— LUMO

(15%)
(23%)
(62%)

2.4297 eV (510.29 nm)

0.0596

Sy

HOMO-2

— LUMO

2.6214 eV (472.98 nm)

0.0260

S3

HOMO-8
HOMO-1
HOMO-1

—LUMO (14%)
—LUMO  (74%)
— LUMO+1 (12%)

2.6454 eV (468.68 nm)

0.6031

S4

HOMO-5
HOMO-2
HOMO
HOMO

— LUMO+1 (15%)
— LUMO+1 (19%)
— LUMO+1 (53%)
— LUMO+2 (13%)

2.6972 eV (459.68 nm)

0.0039

Ss

HOMO-5
HOMO-2
HOMO-1
HOMO

— LUMO+2 (15%)
— LUMO+2 (20%)
—LUMO (13%)
— LUMO+2 (52%)

2.7005 eV (459.11 nm)

0.0372

Se

HOMO-14— LUMO+2 (16%)

HOMO-8
HOMO-5
HOMO-1

— LUMO+2 (18%)
— LUMO+1 (10%)
— LUMO+2 (56%)

2.8387 eV (436.77 nm)

0.0043

S7

HOMO-14— LUMO+1 (15%)

HOMO-8
HOMO-5
HOMO-1

— LUMO+1 (17%)
— LUMO+2 (10%)
— LUMO+1 (58%)

2.8558 eV (434.15 nm)

0.0256

Sg

HOMO-2
HOMO-1

— LUMO+1 (68%)
— LUMO+2 (32%)

2.9610 eV (418.72 nm)

0.1357

So

HOMO-11— LUMO

HOMO-5
HOMO-2
HOMO-1

(12%)
—LUMO  (53%)
—LUMO  (15%)
— LUMO+3 (20%)

3.0256 eV (409.78 nm)

0.6425

S1wo

HOMO-2
HOMO-1

— LUMO+2 (73%)
— LUMO+1 (27%)

3.0734 eV (403.42 nm)

0.2488
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Table 4-11. Calculated excited states of 4dpphen in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-5
HOMO-2
HOMO-1
HOMO

— LUMO
— LUMO
— LUMO
— LUMO  (15%)

(18%)
(20%)
(47%)

2.4892 eV (498.08 nm)

0.0733

S2

HOMO-2
HOMO-2

—LUMO (84%)
— LUMO+1 (16%)

2.6270 eV (471.95 nm)

0.0173

Ss3

HOMO-8
HOMO

SLUMO (18%)
— LUMO  (82%)

2.6457 eV (468.63 nm)

0.7441

S4

HOMO-5
HOMO-2
HOMO-1
HOMO

— LUMO+1 (21%)
— LUMO+1 (19%)
— LUMO+1 (45%)
— LUMO+1 (15%)

2.6938 eV (460.26 nm)

0.0076

Ss

HOMO-5
HOMO-2
HOMO-1
HOMO

— LUMO+2 (21%)
— LUMO+2 (20%)
— LUMO+2 (44%)
— LUMO+2 (15%)

2.7053 eV (458.31 nm)

0.0197

Se

HOMO-12— LUMO+2 (10%)

HOMO-8
HOMO-2
HOMO

— LUMO+2 (16%)
— LUMO+1 (30%)
— LUMO+2 (44%)

2.8079 eV (441.55 nm)

0.0009

S7

HOMO-12— LUMO+1 (10%)

HOMO-8
HOMO-2
HOMO

— LUMO+1 (15%)
— LUMO+2 (26%)
— LUMO+1 (49%)

2.8251 eV (438.87 nm)

0.0578

Sg

HOMO-2
HOMO-1

— LUMO+1 (83%)
— LUMO+2 (17%)

2.8763 eV (431.05 nm)

0.2323

So

HOMO-5
HOMO-2
HOMO-1
HOMO-1
HOMO

— LUMO+3 (17%)
— LUMO+3 (19%)
— LUMO+2 ( 9%)
— LUMO+3 (41%)
— LUMO+3 (14%)

2.9164 eV (425.13 nm)

0.0072

S1wo

HOMO-5
HOMO-2
HOMO-2
HOMO-1
HOMO

— LUMO+4 (18%)
— LUMO+1 ( 9%)
— LUMO+4 (12%)
— LUMO+4 (45%)
— LUMO+4 (16%)

2.9795 eV (416.12 nm)

0.0448
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Table 4-12. Calculated excited states of 4dmphen in CHsCN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO-5
HOMO-2
HOMO

— LUMO
— LUMO
— LUMO

(18%)
(229%)
(60%)

2.4473 eV (506.62 nm)

0.0644

Sy

HOMO-2

— LUMO

2.6000 eV (476.86 nm)

0.0191

S3

HOMO-8
HOMO-1

SLUMO (16%)
— LUMO  (84%)

2.6577 eV (466.50 nm)

0.6756

Sy

HOMO-5
HOMO-2
HOMO

— LUMO+4 (21%)
— LUMO+4 (21%)
— LUMO+4 (58%)

2.8364 eV (437.12 nm)

0.0042

Ss

HOMO-5
HOMO-2
HOMO

— LUMO+1 (20%)
— LUMO+1 (22%)
—» LUMO+1 (58%)

2.8379 eV (436.88 nm)

0.0063

Se

HOMO-8
HOMO-5
HOMO-2
HOMO-1
HOMO
HOMO

— LUMO+1 (11%)
— LUMO+2 ( 9%)
— LUMO+2 (11%)
— LUMO+1 (32%)
— LUMO+2 (29%)
— LUMO+4 ( 8%)

2.9575 eV (419.22 nm)

0.0001

S7

HOMO-14— LUMO+4 (13%)

HOMO-8
HOMO-1

— LUMO+4 (22%)
— LUMO+4 (65%)

2.9586 eV (419.06 nm)

0.0019

Sg

HOMO-5
HOMO-2
HOMO

— LUMO+2 (15%)
— LUMO=+4 (42%)
— LUMO+2 (43%)

2.9876 eV (415.00 nm)

0.0105

So

HOMO-5
HOMO-2
HOMO

— LUMO+3 (21%)
— LUMO+3 (15%)
— LUMO+3 (64%)

3.0020 eV (413.00 nm)

0.0441

S10

HOMO-11— LUMO

HOMO-5
HOMO-2
HOMO-1

(11%)
—LUMO (53%)
— LUMO+1 (17%)
— LUMO+5 (19%)

3.0271 eV (409.59 nm)

0.4656
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Table 4-13. Calculated excited states of 4phen in CH3CN.

Excited
State

Transition

Energy (Wavelength)

Oscillator
Strength

S1

HOMO—7
HOMO-4
HOMO-1
HOMO

— LUMO
— LUMO
— LUMO
— LUMO

(15%)
(23%)
(48%)
(14%)

2.5294 eV (490.17 nm)

0.0889

S2

HOMO-14— LUMO

HOMO-8
HOMO

(16%)
S LUMO  (12%)

—LUMO  (72%)

2.6961 eV (459.86 nm)

0.6913

S3

HOMO-4
HOMO—4

SLUMO  (83%)
— LUMO+1 (17%)

2.7056 eV (458.25 nm)

0.0282

S4

HOMO-7
HOMO—4
HOMO—4
HOMO-1
HOMO-1
HOMO

— LUMO+1 (14%)
— LUMO+1 (19%)
— LUMO+2 ( 8%)
— LUMO+1 (36%)
— LUMO+2 (15%)
— LUMO+1 ( 8%)

2.7584 eV (449.48 nm)

0.0049

Ss

HOMO-7
HOMO—4
HOMO-1
HOMO
HOMO

— LUMO+2 (16%)
— LUMO+2 (23%)
— LUMO+2 (39%)
—LUMO ( 8%)
— LUMO+2 (14%)

2.7602 eV (449.18 nm)

0.0156

Se

HOMO-14— LUMO+2 (19%)

HOMO-8
HOMO—4
HOMO

— LUMO+2 (15%)
— LUMO+1 (20%)
— LUMO+2 (46%)

2.8774 eV (430.89 nm)

0.0048

S7

HOMO-14— LUMO+1 (18%)

HOMO-8
HOMO-4
HOMO

— LUMO+1 (13%)
— LUMO+2 (21%)
— LUMO+1 (48%)

2.8925 eV (428.65 nm)

0.0308

Sg

HOMO—4

— LUMO+1

2.9929 eV (414.25 nm)

0.0977

So

HOMO-7
HOMO—7
HOMO—4
HOMO-1
HOMO-1
HOMO

— LUMO+2 (12%)
— LUMO+3 (12%)
— LUMO+3 (20%)
— LUMO+2 ( 8%)
— LUMO+3 (37%)
— LUMO+3 (11%)

3.0206 eV (410.46 nm)

0.0132

S1wo

HOMO-11— LUMO

HOMO-7
HOMO—4
HOMO

(20%)
—LUMO  (50%)
—LUMO  (15%)
— LUMO+5 (15%)

3.0241 eV (409.99 nm)

0.5246
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Table 4-14. Calculated excited states of [Ru(bpy)(phen)2]?* in CHsCN.

Excited iti Oscillator
State Transition Energy (Wavelength) Strength

HOMO —LUMO (54%)

S1 HOMO  — LUMO+1 (46%) 2.7398 eV (452.52 nm)  0.0005

S2 HOMO — LUMO+2 2.7895 eV (444.46 nm)  0.0000

Ss  HOMO —LUMO+1 2.7934 eV (443.84 nm)  0.0008
HOMO-1 — LUMO (55%)

Sa HOMO-1 — LUMO+1 (45%) 2.8998 eV (427.56 nm)  0.0020
HOMO-2 — LUMO+2 (53%)

Ss HOMO-1 — LUMO  (47%) 2.9583 eV (419.11 nm) 0.0152
HOMO-2 — LUMO (74%)

Se HOMO-1 — LUMO+2 (26%) 2.9788 eV (416.22 nm) 0.0183
HOMO-1 — LUMO+2 (64%)

S7 HOMO  — LUMO+3 (36%) 3.0388 eV (408.00 nm)  0.0879
HOMO-2 — LUMO+2 (56%)

Se HOMO-1 — LUMO+1 (44%) 3.0490 eV (406.63 nm)  0.0899
HOMO-2 — LUMO (18%)

So HOMO-2 — LUMO+1 (31%) 3.0731eV (403.45nm)  0.0388
HOMO  — LUMO+3 (51%)
HOMO-2 — LUMO+2 (15%)

S10 HOMO-1 — LUMO+1 (15%) 3.1542¢eV (393.08 nm)  0.0696
HOMO  — LUMO+4 (70%)
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4-3-3: Emission Properties

The [Ru(B2bpy)L'2]** complexes exhibit the emissions from the MLCT-type
excited states as the broad and structureless spectra in CH3CN at 298 K are shown in
Figure 4-12. Figure 4-13 shows the emission decay profiles and Table 4-15 summarizes
the emission properties of the complexes. The emission maximum (4em) of
[Ru(B2bpy)L'2]?* (Aem = 654684 nm) was shifted to a longer wavelength compared to
that of [Ru(bpy)s]** (Zem = 620 nm) or [Ru(bpy)(phen)2]>* (fem = 611 nm) owing to the
synergistic MLCT/n(aryl)—p(B) CT interactions as described in Chapter 2. Furthermore,
the phenyl or methyl groups in L' of the complex gave rise to a further decrease in the
emission maximum energy and the extent of the emission energy (Eem) change by the
introduction of the methyl groups to bpy or phen (500-520 cm™?) was larger than that of
the phenyl groups (100-120 cm™?). Figure 4-14 shows a relationship between the Eem and
(Eox — Ered1) values of the complexes including the arylborane—ruthenium(ll) complexes
described in Chapter 2 and reported [RuLs]?* complexes.[l The arylborane—ruthenium(i1)
complexes exhibit a good proportional relationship between Eem and (Eox — Ered1) as seen
in Figure 4-14, and the slope of the plot with 0.801 eV/V is larger than that of the reported
[RuLs]** complexes without an arylborane group (0.766 eV/V) in spite of comparable
slopes of the Eaps VS. (Eox — Ered1) plots as described above. The results demonstrate that
the arylborane—ruthenium(l1) complexes show higher-energy emissions compared to that
expected from the redox potentials, which can be explained by the small energy splitting
between the singlet (Si) and triplet excited (T1) states (AEst) of the arylborane—
ruthenium(Il) complexes. Since the mixed MLCT/xn(aryl)-p(B) CT character of the
arylborane—ruthenium(ll) complex in the excited state would give rise to the decrease in

the electron-exchange integral between the S; and T states, the resulting small AEst of
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the complex increases Eem by decreasing energy loss upon intersystem crossing from S
to Ti. However, such effects on Eem is expected to be minor and, therefore, the
arylborane—ruthenium(11) complexes show low-energy 3MLCT emission owing to the
low-energy unoccupied MOs as revealed by the electrochemical measurements. In
addition, the phenyl or methyl groups in L' lower the excited-state energy of
[Ru(B2bpy)L'2]?* by destabilization of the occupied MOs.

[Ru(Bz2bpy)L'2]?* shows more intense and longer-lived emission (®em = 0.18—
0.33 and 7em = 1.1-2.1 ps) than [Ru(bpy)s]?* (®em = 0.095 and zem = 0.89 us) or
[Ru(bpy)(phen)2]?* (®em = 0.078 and zem = 0.74 ps). Furthermore, the phenyl groups in L'
of the complex enhance the ®em value (®em = 0.33 or 0.29 for 4dpbpy or 4dpphen,
respectiely), while the methyl groups weaken the emission (®em = 0.18 or 0.22 for
4dmbpy or 4dmphen, respectively). On the other hand, both phenyl and methyl groups
in L' of the complex shorten the zem value compared to that of 2¢ (zem = 1.7 us) or 4phen
(2.1 ps), and the zem value of 4dmbpy (zem = 1.1 ps) or 4dmphen (zem = 1.2 ps) is shorter
than that of 4dpbpy (zem = 1.4 us) or 4dpphen (zem = 1.9 ps). Since the electron-donating
phenyl and methyl groups in L' of the complex affect the ®em and zem values in different
manners, the complicated ancillary-ligand effects on the photophysical properties of
[Ru(B2bpy)L'2]?* should be discussed in terms of the radiative (k) and nonradiative decay
rate constants (kn) summarized in Table 4-15. The k: value of 4dpbpy (2.4 x 10° s7%) is
larger than those of other [Ru(B2bpy)L'2]** ((1.3-1.8) x 10° s), and these values are
slightly larger than that of [Ru(bpy)s]?* or [Ru(bpy)(phen)2]?* (1.1 x 10° s™1). On the other
hand, the knr values of [Ru(B2bpy)L'2]** ((3.5-7.5) x 10° s 1) are significantly smaller than
those of the reference complexes ((1.0-1.2) x 10° s71), and the value increases with an

increase in the electron-donating ability of the functional group in L'. Such large kr and
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small knr values, whose details are described in the following sections, give rise to the

intense and long-lived emission from [Ru(B2bpy)L'2]**.

Table 4-15. Emission properties of the complexes in CH3CN at 298 K.

Complex Jem/ MM ®em  Tem/ps ke P/st Knr 0 /572
4dpbpy 668 033 14  24x10°  4.8x10°
4dmbpy 684 018 1.1 1.6x10°  75x10°
2c? 659 027 17 1.6 x 10° 43 x10°
[Ru(bpy)s]**? 620 0.095 0.89 1.1x10° 10 x10°
4dpphen 658 029 1.9 1.5 x 10° 3.7 x10°
4dmphen 678 022 1.2 1.8x10°  6.5x10°
4phen 654 027 21 1.3x10°  35x10°

[Ru(bpy)(phen)2]** 611  0.078 0.74 1.1x10° 12 x10°
2 Data taken from Chapter 2. Calculated by ®em = ki/(Kr + Knr) = Kizem.
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Figure 4-12. Corrected emission spectra of the complexes in CH3CN at 298 K. The
spectral integrations in a wavenumber scale correspond to the relative ®em values of the
complexes.
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Figure 4-13. Emission decay profiles of the complexes in CH3CN at 298 K.
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Figure 4-14. Relationships between the Eem and (Eox — Ered1) Values of the complexes.
The plot styles are identical to those in Figure 4-10. The red or green line represents the
linear regression for the relation between Eem and (Eox — Eredq1) for arylborane—
ruthenium(I1) complexes or the conventional ruthenium(ll) complexes, respectively, in
which the intercept has been fixed at 0 eV.

4-3-4: Nonradiative Decay Rate Constants

Figure 4-15 shows the energy gap plot for a series of the complexes (i.e.,
[Ru(Bzbpy)L'2]?*, 2a, 2b, 2a'—c"' and reported [RulLs]?* complexes)). The arylborane—
ruthenium(ll) complexes including [Ru(B2bpy)L'2]*" show a good linear relationship
between In kar and Eem, suggesting the energy gap dependence of knr. However, the trend
of the arylborane—ruthenium(Il) complexes in Figure 4-15 hugely deviates from that of
the reference complexes. The results demonstrate that the nonradiative decay modes from

the emitting excited states to the ground states of the arylborane—ruthenium(l1) complexes
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are common, and the knr value of [Ru(B2bpy)L'2]** varies by the excited-state energy (i.e.,
Eem) of the complex, which can be controlled primarily by the ancillary-ligand effect on
the oxidation potential (Eox) of the complex. The significantly small knr value of
[Ru(B2bpy)L'2]?* is expected to be originated from suppressed thermal deactivation of the
excited state via the triplet dd excited (°dd*) state owing to the large 3MLCT—3dd* energy
gap as described in Chapters 2 and 3. The thermal transition from the 3SMLCT state to the
3dd* state and subsequent deactivation to the ground state is predominant for nonradiative
decay from the emitting excited state of a conventional polypyridyl ruthenium(ll)
complex and is almost independent of the ligand structure, since the 3MLCT- and 3dd*-
energies vary synchronously through the change in the ligand-field splitting and 7*-
orbital energies. Therefore, such decrease in the contribution of the 3dd* state to
nonradiative decay in the arylborane—ruthenium(ll) complexes is extraordinary and
resulted by the low-energy emitting excited state and the insensitive dd* state upon an
introduction of the DBDE group(s). Although the electrochemical data indicate that the
electron-donating groups in L' affect the ligand-field splitting of the complex, the relevant
effects on the SMLCT—3dd* energy gap would be minor and, therefore, the knr values of

the arylborane—ruthenium(11) complexes follows the energy gap law.[62

-191 -



I 4
16 } 1<>
! 5 ©
_ 15 F 6<><> i <><>3 <>11
x~ - [Ru(bpy)(phen) ]
— 14+ 4dmphen <>1°<¥<8»

admbpy @ 20,2 [Ru(bpy) I
2b 2C| 3

13} 4dpbpy~ 2b"

2a’

4phen 22
12 L L L . | L
14 15 16 17

E /10°cm™
em

Figure 4-15. Energy gap plot for the complexes in CH3CN at 298 K. The plot styles are
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data of the arylborane—ruthenium(1l) complexes.
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The details of the nonradiative decay process of [Ru(Bzbpy)L'2]** were
investigated by temperature (T) dependences of the emission lifetime. Figure 4-16 shows
the T-dependences (250-330 K) of the emission decay profiles of the complexes in
propylene carbonate. The decay profiles of the complexes were analyzed by single-
exponential decay functions, irrespective of T, and the zem values of [Ru(Bzbpy)L'2]**
were almost independent of T while those of the reference complexes (i.e., [Ru(bpy)s]**
and [Ru(bpy)(phen)2]**) hugely decreased upon T-elevation. The T-dependences of zem
for the complexes were adequately fitted by eq. 4-11*%1 using the parameters (AE, (k° +

kn®), and k') in Table 4-16.

AE
[Tem(T)]_l = (klg + kr?r) + k’exp(——
ks

(eq. 4-1)

In eq. 4-1, k and kn are the T-independent radiative and nonradiative decay rate
constants from the emitting excited state to the ground state, respectively. The parameter
k'is the frequency factor for thermal activation from the 3SMLCT excited state to the upper-
lying nonemitting excited state (typically, dd* state for a polypyridyl ruthenium(ll)
complex) with the energy barrier between the two states being AE. The parameters AE
(870-1190 cm ) and k' ((0.47-2.7) x 107 s71) of [Ru(Bzbpy)L'2]** are almost independent
of L', and significantly differ from those of [Ru(bpy)s]?>* and [Ru(bpy)(phen)2]** (AE =
3600-3780 cm ™t and k' = (2.9-3.4) x 10% s71). The k' values of [Ru(B2bpy)L'2]** suggest
a contribution of the fourth SMLCT excited state to the nonradiative decay process as
described in Chapters 2 and 3. Therefore, the parameter AE of [Ru(Bzbpy)L'2]*

represents the energy barrier to the fourth SMLCT excited statel***%] rather than the 3dd*
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state presumably due to the large SMLCT—dd* energy gap of the complex which is not
obtainable under the present experimental conditions.

To obtain further insights into the activation parameters of the complexes, they
were plotted against Eem in Figure 4-18, together with the data for the complexes
described in Chapters 2 and 3 (i.e., 2a, 2c, 2¢", 3a and [Ru(phen)s]?*). Drastic changes in
the AE and k' parameters were observed at Eem = 15300 cm ™. The trends indicate that an
introduction of the DBDE group(s) to a diimine ruthenium(Il) complex does not affect
the ligand-field splitting energy largely and the emitting excited states of the complexes
exhibiting the high-energy emission deactivate thermally via 3dd* state in contrast to
nonradiative decay via the fourth *MLCT excited state for the complex showing the
lower-energy emission. On the other hand, the (k° + kn°) values of a series of the
complexes except for 3a decreased exponentially with an increase in Eem, suggesting that
the parameter was dominated by the energy gap law and the presence of the DBDE group
does not affect the nonradiative decay mode from the emitting excited state of the
complex to the relevant excited state. The extraordinarily small (k° + kn°) value observed
for 3a is presumably due to the rigid structure of the phen moiety in the main ligand.
These total analysis for the activation parameters revealed that the knr value of the
arylborane—ruthenium(ll) complex is controllable by the energy of the emitting excited
state and, thus, that of [Ru(B2bpy)L'2]?>* can be manipulated synthetically by the ancillary-

ligand.
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Table 4-16. Activation parameters for the T-dependent emission
lifetimes of the complexes in propylene carbonate.

Complex AE/em™? kC+kO) /st k/st
4dpbpy 1190 7.2x10° 2.7 %10’
4dmbpy 900 9.1x10° 1.1 x 10’
2c? 930 6.0 x 10° 1.4 x 107
[Ru(bpy)s]** 2 3780 6.3 x 10° 2.9 x108
4dpphen 870 5.3x10° 2.6 x10’
4dmphen 920 7.3x10° 0.93 x 107
4phen 900 4.6 x 10° 0.47 x 107
[Ru(bpy)(phen)2]** 3600 3.5x10° 34 x108

2 Data taken from Chapter 2.
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4-3-4: Radiative Rate Constants

[Ru(Bzbpy)L'2]** exhibited larger k. than the reference complex (i.e.,
[Ru(bpy)s]?* or [Ru(bpy)(phen)2]?*), and further enhancement of k, was observed by the
introduction of the phenyl groups in L' of the complex. The radiative transition from the
triplet excited state of a transition metal complex should gain a probability by singlet—
triplet mixing in the excited state through spin—orbit coupling and, therefore, the kr value
of the ruthenium(Il) complex correlates positively with emiLctEem®/|Eem — Eans|> on the
basis of the Strickler—Berg-type relation!*®! as demonstrated in Chapter 2. Figure 4-19
shows a kr Vs. emicTEem’/|Eem — Eans|? plot of the complexes including the data on a series
of [Ru(bpy)s]?* derivatives!*"8. Agood proportional relationship between the parameters
(r = 0.9210) indicates that large k. of [Ru(B2bpy)L'2]*" is dominated by the Strickler—
Berg-type relation. Since the Eem value of a polypyridyl ruthenium(Il) complex does not
vary by the ligand structure largely, the Eem value should be less effective to the
emLcTEem®/|Eem — Eabs|* value than emict and |Eem — Eans|. Thus, the large k. values of
[Ru(B2bpy)L'2]?* are explainable by the large emict and small |Eem — Eans| (i.e., AEsT)
values of [Ru(B2bpy)L'2]?*, which coincides nicely with the experimental observation on
the absorption and emission spectra. As discussed in the preceding sections, the emict
value of [Ru(Bzbpy)L'2]?" is enhanced by the mixed MLCT/r(aryl)-p(B) CT character in
the excited state, and the effects are also expected to reduce the AEst by decreasing the
electron-exchange integral between the singlet and triplet excited states. Therefore, the
resulting large emLct and small AEst values of [Ru(B2bpy)L'2]?>* accelerate the radiative
process of the complex. Further enhancement of k; observed for 4dpbpy or 4dpphen is
also explained by mixing between the LLCT and MLCT characters in the emitting excited

state of the complex. These results demonstrate that the ancillary ligand certainly
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contributes to an increase in the k value of the complex, and it could be a useful approach

for the development of emissive transition metal complexes.
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Figure 4-19. Relationship between k; and emictEem®/|Eem — Eans|® for the complexes in
CHsCN at 298 K. Green open boxes represent the data for a series of [Ru(X-bpy)s]**
complexes (X = 4-bromo (1), 4-chloro (2), 4-methoxy (3), 4-benzyloxy (4), 4,4-
bisethoxycarbonyl (5), 4,4'-dibromo (6), 4,4'-dichloro (7), 4,4'-diphenyl (8), 4,4'-dibenzyl
(9), 4,4-dimethyl (10), 4,4'-diphenoxy (11), 4,4'-diethoxy (12), 4,4'-dibenzyloxy (13),
4,4'-bisacetamido (14), 5,5'-bisethoxycarbonyl (15), 5,5'-dimethyl (16), 5,5'-bisacetamido
(17)) in EtOH-MeOH (4/1, v/v) at 293 K. The literature data were taken from ref. [17,18].
The green line represents the linear regression for the data, in which the intercept has been
fixed at 0 s7* for the fitting.
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4-4: Conclusions

In this chapter, the spectroscopic and photophysical properties of novel
heteroleptic arylborane—ruthenium(Il) complexes having a series of ancillary ligands L'
([Ru(B2bpy)L"2]%": 4dpbpy (L' =4,4'-ph2-bpy), 4dmbpy (L' = 4,4'-me,-bpy), 4dpphen (L'
= 4,7-phz-phen), 4dmphen (L' = 4,7-me2-phen), 4phen (L' = phen), Chart 4-1) were
described in terms of the ancillary-ligand effects on the properties. [Ru(B2bpy)L'2]*
showed the lower-energy and intense *MLCT absorption band (fabs = 480-493 nm and
emLet = (2.2-3.3) x 10* Mtcm™). The electrochemical data of the complexes and the
relationship between Eaps and (Eox — Ered) demonstrate that the *MLCT absorption energy
of [Ru(B2bpy)L'2]** is manipulated synthetically by the electron-donating ability of the
ancillary ligand(s). Furthermore, the emLct value of [Ru(B2bpy)L'2]%" (emLct = (2.2-3.3)
x 10* Mtcm™) is also affected by the ancillary-ligand effects, as the TD-DFT
calculations suggest an increase in the MLCT absorption transition dipole moment by
mixing between MLCT and LLCT transitions in the MLCT/xn(aryl)-p(B) CT excited state
in the complex. On the other hand, [Ru(B2bpy)L"2]** showed intense and long-lived
emission (®em = 0.18-0.33 and zem = 1.1-2.1 ps). The T-dependences of the emission
lifetimes have revealed the ko value of the arylborane—ruthenium(ll) complex is
controllable by the energy of the emitting excited state and, can be also manipulated
through the ancillary-ligand(s) in [Ru(Bzbpy)L'2]?*. Furthermore, the large kr value of
[Ru(B2bpy)L'2]?* is shown to be explained in the framework of the Strickler—Berg-type
relation. These results demonstrate that synthetic modulation of an ancillary ligand could

be a useful approach for the development of emissive transition metal complexes.
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Chapter 5: Conclusions

In the present thesis, twelve novel arylborane—ruthenium(Il) complexes were
synthesized, in which the number of the arylborane unit in the diimine ligand(s) and the
diimine-/ancillary-ligand structures in the complexes were varied systematically as
shown in Chart 5-1. The spectroscopic and photophysical properties of the complexes
were then studied in detail. Although various attractive emissive transition metal
complexes have been hitherto reported, a study on the theoretical aspects into the
photophysical properties of phosphorescent transition metal complexes is not sufficient
enough in the present stage of the investigation and, polypyridyl ruthenium(ll)
complexes are ideal targets on the present researches. However, the emission quantum
yields of the complexes are not high enough and, therefore, the development of
highly-emissive polypyridyl ruthenium(ll) complexes is of primary importance. Owing
to the presence of the vacant p-orbital on the boron atom (p(B)) in a triarylborane, a
class of transition metal complexes having a triarylborane group(s) in the periphery of
the ligand(s) shows fascinating excited-state properties, characterized by the synergistic
interactions between MLCT in the metal-complex moiety and n(aryl)-p(B) CT in the
triarylborane  group: synergistic MLCT/n(aryl)-p(B) CT. Therefore, further
understanding of the arylborane effects on the spectroscopic and photophysical
properties of the arylborane—ruthenium(Il) complexes are of primary importance. Thus,
the present study targets the systematic synthetic modulation of the spectroscopic and
photophysical properties of arylborane—ruthenium(l1) complexes.

The principal experimental results and conclusions are as follows.
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4dpbpy (-X = -CgHs),
4dmbpy (-X = -CH,)

o+

==

4dpphen (-X = -CgH5),
4dmphen (-X = -CH,),
4phen (-X = -H)

Chart 5-1. Chemical structures and abbreviations of the arylborane—ruthenium(ll)

complexes developed in this thesis.
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In Chapter 2, the synthesis and spectroscopic/photophysical properties of a
series of the novel [Ru(bpy)s]?* derivatives having multiple arylborane units
([Ru(B2bpy)n(bpy)s-n]?* (2a: n =3, 2b: n =2, 2c: n = 1) and [Ru(Bbpy)n(bpy)s-n]** (2a":
n=3,2b" n=2,2c" n=1)) were described. The complexes, 2a—c and 2a'-c", showed
intense absorption in 290-600 nm, and the molar absorption coefficient of the MLCT
absorption band (emLcT) of the complex was largely enhanced by the introduction of a
DBDE group(s) to the bpy ligand(s) of the complex, owing to the synergistic
MLCT/n(aryl)-p(B) CT interactions. Furthermore, 2a—c and 2a'—" also showed intense
emission with the quantum yield (®em) > 0.20, and the ®em value increased with an
increase in n for both 2a—c and 2a’-c' series. In particular, 2a showed extremely intense
emission with ®em = 0.43. One of the important findings of the study is the increase in
the emLct values of 2a—c and 2a'—c' with that in n, and the increase in emict of the
complex brings about an increase in the radiative rate constant of the complex (ki). The
positive correlations between kr and emLct observed for 2a—c and 2a'-c’ resemble with
the Strickler—Berg relation for the fluorescence transition of a molecule. Reflecting
mixing between the S1 and T states by spin—orbit coupling, it is demonstrated that the
|[Eem — Eans| and emLcT values of the complex determine primarily the k; value, leading to
the Strickler—Berg-type relation between kr and emLct. These results are essentially due
to the synergistic MLCT/n(aryl)-p(B) CT interactions in the emitting excited states of
2a—C and 2a'-c', as demonstrated by the electrochemical, spectroscopic/photophysical,
and time-dependent density functional theory (TD-DFT) calculation studies.

As demonstrated in Chapter 2, 2a shows remarkably high ®em (0.43) in CH3CN
at 298 K. Therefore, a class of homoleptic arylborane—ruthenium(ll) complexes

possessing a starburst-type structure is a possible candidate for future photofunctional
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materials. In Chapter 3, the synthesis and spectroscopic/photophysical properties of a
novel homoleptic ruthenium(1l) complex having DBDE groups at the 4- and 7-positions
of the phen ligands in [Ru(phen)s]?* ([Ru(Bzphen)s]**: 3a) were described in special
references to the diimine ligand structure effects on the properties by comparing the
data on 3a with those on 2a. The emict value of 3a (7.2 x 10* M~tcm™ at 471 nm) is
larger than that of 2a (5.6 x 10* M~*cm™ at 488 nm). The results demonstrate that the
electronic coupling between the phen and DBDE units in 3a is stronger than that
between the bpy and DBDE units in 2a, and this stronger electronic coupling leads to
more effective synergistic MLCT/xn(aryl)-p(B) CT interactions in 3a relative to that in
2a. On the basis of TD-DFT calculations, furthermore, it has been shown that the
lowest-energy excited state of 3¢ ([Ru(Bzphen)(phen).]**) as the model complex for 3a
is best characterized by synergistic MLCT/n(aryl)-p(B) CT and the excited state
possesses a relatively larger charge-separated character than that of 2c. It is also worth
emphasizing that enhancements of both emLct and ®em Values observed for 3a (emLct =
7.2 x 10* Mtem™ at 471 nm and ®em = 0.29 in CH3CN at 298 K) give rise to bright
emission from 3a. The complex, 3a, also exhibits long-lived emission owing to the large
SMLCT-3dd* energy gap and this extinguishes the nonradiative decay pathway via 3dd*
state: very small ko for 3a. Thus, 3a shows simultaneously intense (®em = 0.29) and
long-lived emission (emission lifetime (zem) = 8.7 us). As a result, 3a possesses
simultaneously intense visible absorption, high ®em, and long zem, whose characteristics
IS very extraordinary as a transition metal complex.

The results of Chapters 2 and 3 demonstrate that a DBDE group is a useful
functional group for a development of highly-emissive transition metal complexes and

that a diimine-ligand structure is one of the important factors to characterize the
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synergistic MLCT/xn(aryl)-p(B) CT interactions. Furthermore, the emission spectral
features of the arylborane—ruthenium(ll) complexes were independent of the number of
an arylborane-appended ligand as described in Chapter 2 and, therefore, it could be
expected that the excited electron in the emissive triplet excited state is localized
primarily on one arylborane-appended ligand in the complex. This indicates that the two
ligands other than the arylborane-appended ligand in a heteroleptic tris-diimine
ruthenium(Il) complex can be utilized as ancillary ligands to control the electronic
structures of an arylborane—ruthenium(ll) complex in the ground and excited states.
Under the research background mentioned above, in Chapter 4, the synthesis
and spectroscopic/photophysical properties of novel heteroleptic arylborane—
ruthenium(Il) complexes having a series of ancillary ligands L' ([Ru(Bzbpy)L'2]?*":
4dpbpy (L' =4,4'-pho-bpy), 4dmbpy (L' = 4,4'-mez-bpy), 4dpphen (L' = 4,7-phz-phen),
4dmphen (L' = 4,7-mez-phen), 4phen (L' = phen)) were described focusing the study
on ancillary-ligand effects on the properties. [Ru(Bzbpy)L'2]** showed a lower-energy
and intense *MLCT absorption band (laps = 480-493 nm and emict = (2.2-3.3) x 10*
M~tcm™). The electrochemical data of the complexes and the relationship between Eaps
and (Eox — Ered) demonstrate that the *MLCT absorption energy of [Ru(Bzbpy)L'2]?" is
manipulated synthetically by the electron donating ability of the ancillary ligand(s).
Furthermore, the emict value of [Ru(B2bpy)L'2]** (emict = (2.2-3.3) x 10* Mtecm™) is
also affected by the ancillary-ligand, as the TD-DFT calculations suggest an increase in
the MLCT absorption transition dipole moment by mixing between the MLCT and
LLCT transitions in the MLCT/=(aryl)-p(B) CT excited state of the complex. On the
other hand, [Ru(B2bpy)L'2]** showed intense and long-lived emission (®em = 0.18-0.33

and zem = 1.1-2.1 ps). The T-dependences of the emission lifetimes have revealed that
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the knr value of the arylborane—ruthenium(ll) complex is controllable by the energy of
the emitting excited state and, can be also manipulated through nature of the
ancillary-ligand in [Ru(B2bpy)L'2]**. Furthermore, the large k. value observed for
[Ru(B2bpy)L'2]?* is shown to be explained in the framework of a Strickler—Berg-type

relation.

In the present study, synthetic tuning of the spectroscopic and photophysical
properties of a polydiimine ruthenium(ll) complex was successfully realized based on
the introduction of an arylborane group(s) in the periphery of the diimine ligand(s).
With an increase in the number of the arylborane units in the complex, the absorption
and emission efficiencies are enhanced and, thus, a Strickler—Berg-type relation on the
phosphorescent transition in arylborane—ruthenium(ll) complexes has been
demonstrated. On the other hand, a phen-ligand structure in an arylborane—
ruthenium(Il) complex gave arise to extremely long-lived emission due to the larger
charge-separated MLCT/n(aryl)-p(B) CT excited state relative to that in the relevant
bpy complex. Furthermore, it has been shown that an ancillary ligand(s) also influences
the electronic structures of the complexes in the ground and excited states by the
electron-donating ability of an ancillary ligand and, thus, the photophysical properties of
the complexes can be manipulated by nature of an ancillary ligand as well. On the basis
of such synthetic approaches, a new class of highly-emissive ruthenium(ll) complexes
has been developed and, it is convinced that the present ideas are also applicable to
other transition metal complexes. Thus, the present researches were very successful to
provide new and novel approaches to develop phosphorescent transition metal

complexes. Furthermore, it is expected strongly that arylborane—ruthenium(ll)
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complexes showing intense/broad absorption and intense/long-lived emission will play
important roles in future photofunctional materials such as visible-light driven

photo/redox sensitizer, a phosphorescence sensor, and an emitting material.
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