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ABSTRACT: A novel polypyridyl ruthenium(Il) complex with a six-
membered chelate ring ([Ru(dmb),(8pyq)]**) was designed and synthesized.
The oxidation potential was shifted to the negative potential direction, and
relatively intense metal-to-ligand charge transfer absorption in the longer-
wavelength region was observed for [Ru(dmb),(8pyq)]** compared with the
reference complexes without any six-membered chelate rings. The electro-
chemical and spectroscopic properties of [Ru(dmb),(8pyq)]** were discussed
in terms of the chelate structure and coordination geometry with utilization of

theoretical calculations.

B INTRODUCTION

The metal-to-ligand charge transfer (MLCT) excited states of
polypyridyl complexes of ruthenium(II), rhenium(I), iridium-
(1I1), and so forth are characteristic for metal complexes and
one of the most extensively utilized excited states. As
represented by [Ru(bpy);]** (bpy = 2,2'-bipyridine) and its
derivatives,' most of the MLCT-type metal complexes exhibit
intense visible-light absorption and, furthermore, dz’-type
transition metal complexes often show phosphorescence from
their long-lived triplet MLCT (®MLCT) excited states. In
these complexes, nominally spin-forbidden processes are
partially allowed owing to the spin—orbit coupling arising
from the heavy atom effect of the metal center. Owing to such
intense visible-light absorption/emission and long-lived excited
state, a class of the complexes has been utilized in a variety of
photochemical applications: e.g., photosensitizers in solar—
energy conversion systems such as dye-sensitized solar cells’™
and artificial photosynthesis®™"" or triplet emitters in organic
light-emitting diodes.*”'® Because the excited-state properties
(e.g, light absorption, emission, photoinduced reactions) of
the complexes are affected largely by the electronic structures
of both metal center and ligand structure, various MLCT-type
complexes have been hitherto developed.

The MLCT transition in an octahedral d®-metal complex
corresponds to an electronic transition from the t,, orbital of
the metal center to the 7* orbital of a ligand(s). On the basis
of the classical crystal-field (or ligand-field) theory, intrinsically
degenerated five d orbitals of the metal center split to three
occupied t,; and two unoccupied e, orbitals in energy, and the
extent of the energy splitting is predominated by the
octahedral coordination sphere around the metal. However,
the MLCT-type complexes with bidentate or tridentate
ligand(s) (e.g, [Ru(bpy);]**) often possess five-membered
chelate ring(s) and, in many cases, the steric displacements of
the coordinating atoms deviate from the ideal octahedral
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geometry. Therefore, we expected that an introduction of a six-
membered chelate structure in a complex can change the
coordination geometry around the metal center and that it
should be an important factor to control the electronic
structures of the complex in the ground and excited states.
Although acetylacetonate (acac) and its derivatives are famous
examples to give six-membered chelate rings,'”'® they rarely
act as the acceptor ligand for the MLCT transition. In this
study, a novel ruthenium(II) complex with a six-membered
chelate ring ([Ru(dmb),(8pyq)]** where dmb = 4,4'-
dimethyl-2,2’-bipyridine and 8pyq = 8-(pyridin-2-yl)-
quinoline) was designed and synthesized.

2+

7/

[Ru(dmb),(8pyq)]**

Owing to the low-energy 7* orbital of 8pyq and the electron-
donating nature of the methyl groups in the dmb ligands, 8pyq
acts as an acceptor ligand in the lowest-energy MLCT excited
state of the complex. The effects of the six-membered chelate
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Figure 1. Optimized geometries of [Ru(dmb),(8pyq)]** (a) and [Ru(dmb),(bpy)]** (b) with an overlaid comparison (c) of the RuN, moieties
for [Ru(dmb),(8pyq)]** (purple) and [Ru(dmb),(bpy)]** (green). Hydrogen atoms are omitted for clarity.

structure given by a coordination of 8pyq to the ruthenium(1I)
center on the electrochemical/spectroscopic properties of the
complex were evaluated and compared with those of the
reference complexes without any six-membered chelates.

B EXPERIMENTAL SECTION

Chemicals. [Ru(bpy), :|(PF5)2 is the same sample which has been
used in the earlier literature.'” ' Tetra-n-butylammonium hexa-
fluorophosphate (TBAPF,, Wako Pure Chemical Industries) was
purified by repeated recrystallizations from ethanol. Ferrocene (Wako
Pure Chemical Industries) was used as supplied. Anhydrous or
spectroscopic-grade CH;CN (Wako Pure Chemical Industries) was
used without further purification for the electrochemical or
spectroscopic measurements, respectively.

Electrochemical Measurements. Cyclic voltammetry of the
complexes in CH;CN at 298 K was performed by using a BAS ALS-
1202A electrochemical analyzer with a three-electrode system using
glassy-carbon working, Pt auxiliary, and Ag/AgNO; reference
electrodes (~0.01 M in CH;CN containing ~0.1-M TBAPF)
supplied by BAS Inc. The sample solutions containing a complex
(~1.0 mM) and TBAPF; as a supporting electrolyte (~0.1 M) in the
absence or presence of ferrocene were deaerated by purging an argon
gas stream over 20 min prior to measurements. The potential sweep
rate was 100 mV/s.

Spectroscopic Measurements. The absorption spectra of the
complexes were measured by using a Hitachi U-3500 spectropho-
tometer. The emission spectra were obtained by using a Hitachi F-
4500 spectrofluorometer (excitation wavelength: 450 nm), and
emission intensity at each wavelength was corrected for system
spectral response so that the vertical axis of a spectrum corresponds to
the photon number at each wavelength. The emission quantum yields
(@) were determined relative to that of [Ru(bpy);](PF¢); (@epma
= 0.095 in CH,CN*>**) on the basis of eq 1.

_ / sample(y)dy/Asample

em

em,std

[Lea(@)d/ Ay 8 (1)

In eq 1, the subscripts “sample” and “std” represent a sample complex
and standard (i.e, [Ru(bpy);](PFs),), respectively, and A is the
absorbance at an excitation wavelength. I(7) is emission intensity
(photon scale) at a wavenumber %, which was corrected by the
equation I(¥) = I(1) x A%***° It should be noted that, in eq 1, a
correction for the difference in the refractive indices between the
sample and standard solutions was omitted because the same solvent
was used for all the solutions and solute concentrations were quite low
(<5 X 107° M). For the emission measurements, the absorbance of a
sample solution was set <0.05 at 450 nm to avoid the self-absorption

and inner filter effect, and sample solutions were deaerated by purging
with an argon gas stream for over 30 min.

Theoretical Calculations. Theoretical calculations for the
complexes were conducted with Gaussian 16W software (Revision
A.03).>° The ground-state geometries of the complexes were
optimized by using density functional theory (DFT) using the
restricted B3LYP functional’”*® with LanL2DZ*7*' and 6-31G-
(d,p)** basis sets for ruthenium and all other atoms, respectively.
Frequency calculations for the optimized geometries by identical
methodologies did not give any negative frequencies, irrespective of
the complex. Time-dependent DFT (TD-DFT) calculations were
then performed to estimate the energies and oscillator strength of the
50 lowest-energy singlet and 3 triplet absorption transitions by
employing the same functional and basis sets with geometry
optimizations. Natural transition orbitals were plotted using Gauss-
View 6. All the calculations were carried out as in acetonitrile
(dielectric constant = 35.688, square of refractive index = 1.806874)
by using a polarizable continuum model using the integral equation
formalism variant (IEFPCM).**

B RESULTS AND DISCUSSION

Synthesis and Characterization. [Ru(dmb),(8pyq)]**
was successfully synthesized via a typical synthetic route
shown in Scheme S1. 8pyq was synthesized according to the
literature™ and then introduced into a metal complex. A PFq~
ion was selected as the counterion of the complex due to high
solubility of the PF,~ salt of polypyridyl ruthenium(II)
complex in polar organic solvents. [Ru(dmb),(8pyq)](PFy),
was adequately identified by the '"H NMR measurements, high-
resolution mass spectrometry (HRMS), and elemental analysis.
Although the complex possesses A- and A-isomers around the
ruthenium(II) center, they have not been separated because it
can be expected that they do not affect the electrochemical and
spectroscopic properties of the complex conducted in this
study.

Because any crystals suitable for crystallographic analysis
were, unfortunately, not obtained, the steric structure of
[Ru(dmb),(8pyq)]** was discussed on the basis of the
optimized geometry by the DFT calculations. Figure 1 shows
optimized geometries of [Ru(dmb),(8pyq)]** and [Ru-
(dmb),(bpy)]**. Selected N—Ru—N angles and Ru—N bond
lengths of the complexes are also summarized in Table 1 (for
full data of nuclear coordinates, see Tables S1 and S2).
Significant influences of an introduction of the six-membered
chelate structure on the coordination geometry were observed.
The 8pyq ligand coordinates with the ruthenium(II) center
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Table 1. Selected Angles and Bond Lengths for Optimized
Geometries of [Ru(dmb),(8pyq)]** and [Ru(dmb),(bpy)]**

angle/length
atoms [Ru(dmb),(8pyq)]** [Ru(dmb),(bpy)]**

NI1-Ru—N2 87.54° 77.80°

N3—Ru—N4 77.52° 77.60°

N5—Ru—N6 77.25° 77.58°

NI1-Ru—Né6 174.27° 172.91°
N2—Ru—N3 173.40° 172.85°
N4—Ru—-NS$ 171.96° 172.53°
Ru—N1 2.156 A 2.110 A
Ru—N2 2133 A 2.110 A
Ru—N3 2112 A 2112 A
Ru—N4 2115 A 2112 A
Ru—N5 2132 A 2112 A
Ru—N6 2.109 A 2112 A

almost orthogonally with a chelating N—Ru—N angle of
87.54°, whereas corresponding angles by a bpy-type ligand
(ie., bpy or dmb) are ~78°. Furthermore, the 8pyq ligand
enlarges the N—Ru—N angle for two nitrogen atoms at the
trans position to be ~174°. These results suggest that a
coordination geometry of [Ru(dmb),(8pyq)]** is closer to the
ideal octahedral structure than those of the typical polypyridyl
ruthenium(IT) complexes such as [Ru(dmb),(bpy)]**. On the
other hand, the Ru—N bond lengths for the 8pyq ligand (2.156
and 2.133 A for Ru—N1 (quinoline) and Ru—N2 (pyridine),
respectively) significantly increase in comparison with those in
[Ru(dmb),(bpy)]** (2.110—2.112 A). Furthermore, it must be
noted that the 8pyq ligand itself in the optimized [Ru-
(dmb),(8pyq)]** geometry is largely distorted: the dihedral
angle between pyridine and quinoline moieties is 37°, and the
quinoline ring resides with a bent angle of ~18° from the Ru—
N bond. Owing to such asymmetric coordination bond lengths
and structural distortion of the 8pyq ligand, the extent of the 7-
conjugation in a ligand would be decreased. These structural
features of [Ru(dmb),(8pyq)]*" have a large influence on the
electrochemical and spectroscopic properties of the complex.
Cyclic Voltammograms. Figure 2 shows cyclic voltammo-
grams of the complex in CH;CN containing 0.1 M TBAPF; at
298 K together with those of the reference complexes
[Ru(dmb),(bpy)]** and [Ru(bpy);]**. The redox potentials
of the complexes are summarized in Table 2. The complexes
showed a quasi-reversible wave responsible for the Ru™"
redox couple at +1.16 to +1.32 V vs SCE (saturated calomel
electrode, —0.42 V vs ferrocenium/ferrocene redox couple
under the experimental conditions). The oxidation potential of
[Ru(dmb),(bpy)]*" (E, = +1.21 V) was more negative than
that of [Ru(bpy);]** (+1.32 V), indicative of an increase in the
electron density on the ruthenium(II) center by the presence
of the electron-donating methyl groups in the dmb ligands.
The E,, value of [Ru(dmb),(8pyq)]** (+1.16 V) was shifted in
the negative potential direction compared to those of the
reference complexes. The Ru"!" redox couple of a polypyridyl
ruthenium(II) complex is typically originated in the t,, orbital
of the ruthenium(II) center. Therefore, the negative potential
shift of the E,, obtained for [Ru(dmb),(8pyq)]** is explainable
by a decrease in the extent of the ligand-field splitting owing to
the six-membered chelate structure, longer Ru(Il)—8pyq
coordination bond lengths, and/or asymmetric nature of the

8pyq ligand.

[10 pA

Current

-2 -1 0 1 2
Potential / V vs. SCE

Figure 2. Cyclic voltammograms of [Ru(dmb),(8pyq)]** (black),
[Ru(dmb),(bpy)]** (green), and [Ru(bpy);]** (red) in CH,CN
containing 0.1 M TBAPF; at 298 K. Yellow and gray curves represent
those of ferrocene and neat electrolyte solution under identical
conditions, respectively.

Table 2. Redox Potentials of the Complexes in CH;CN
Containing 0.1-M TBAPF,

complex potential/V vs SCE
[Ru(dmb),(8pyq)]** —1.80 -1.57 —-1.28 +1.16
[Ru(dmb),(bpy)]** —1.81 -1.58 -1.36 +1.21
[Ru(bpy),]* -1.75 -1.50 -1.30 +1.32

All the complexes showed three redox waves responsible for
successive ligand reductions. Because the second (E,.g =
—1.57 V) and third (E,4; = —1.80 V) reduction potentials of
[Ru(dmb),(8pyq)]** were almost identical to those of
[Ru(dmb),(bpy)]** (—1.58 and —1.81 V, respectively), they
can be ascribed to the reductions of the ancillary dmb ligands.
Thus, the first reduction potentials (E,. ;) of the complexes
correspond to the reductions of the acceptor ligand in a
complex (ie, 8pyq and bpy). The E,4 value of [Ru-
(dmb),(8pyq)]** (—1.25 V) was obtained at the more positive
potential region than that of [Ru(dmb),(bpy)]** (-1.36 V),
reflecting a stabilization of the 7* orbital of the acceptor ligand
in energy presumably due to large 7-conjugation system of the
8pyq ligand. In addition, the redox wave for the acceptor-
ligand reduction of [Ru(dmb),(8pyq)]** was less reversible
than those of [Ru(dmb),(bpy)]** or [Ru(bpy);]**. The
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reversibility was not improved even by a potential sweep
between —0.26 and —1.42 V. The result indicates a structural
change upon one-electron reduction of [Ru(dmb),(8pyq)]*".
In practice, an optimized geometry of the reduced form of the
complex (ie, [Ru(dmb),(8pyq)]*) suggests the structural
change upon one-electron reduction, as shown in Figure SI.
These differences in the redox potentials between the
complexes strongly suggest that the spectroscopic properties
of a [Ru(dmb),L]** complex are also controllable by varying
the acceptor ligand L.

Absorption and Emission Spectra. Figure 3 shows
absorption spectra of the complexes in CH;CN at 298 K, and

8.0F

0.0
200 300 400 500 600
Wavelength / nm

Figure 3. Absorption spectra of [Ru(dmb),(8pyq)]** (black),
[Ru(dmb),(bpy)]** (green), and [Ru(bpy);]** (red) in CH,CN at
298 K.

Table 3. Spectroscopic Properties of the Complexes in
CHLCN at 298 K

complex Awe/nm (e/10*M ' em™)  A,,/nm D,
[Ru(dmb),(8pyq)]** 284 (6.4) 432 (1.0) 630 0.004
[Ru(dmb),(bpy)]** 286 (7.7) 456 (1.3) 637 0.095
[Ru(bpy),]** 287 (8.0) 451 (1.4) 619 (0.095)

“Determined using [Ru(bpy);](PFq), in CH;CN as a standard (@,
= 0.095).

the spectroscopic properties are summarized in Table 3.
Although an intense ligand-centered zz* band was observed at
around 285 nm, irrespective of the ligand structure, the band of
[Ru(dmb),(8pyq)]** was relatively broad, and the molar
absorption coefficient at the maximum wavelength (& = 6.4 X
10* M~ ecm™ at 284 nm) was smaller than those of the
reference complexes (~8 X 10* M™' cm™). Such a spectral
difference is explainable by the heteroleptic z-system of
[Ru(dmb),(8pyq)]*".

The MLCT absorption band observed in the visible region
depended on the acceptor ligand more strongly. The MLCT
absorption maximum wavelength of [Ru(dmb),(8pyq)]** (A,ps
= 432 nm) was much shorter, and the corresponding & value
(1.0 x 10* M™' cm™) was smaller than that of [Ru-
(dmb),(bpy)]** (1.3 x 10* M™" cm™ at 456 nm) or

[Ru(bpy);]** (1.4 x 10* M~ cm™" at 451 nm). Furthermore,
[Ru(dmb),(8pyq)]** exhibited the absorption band even in
longer-wavelength region than the MLCT absorption max-
imum and, therefore, the spectral band shape of [Ru-
(dmb),(8pyq)]** at >370 nm was significantly different from
those of the reference complexes. Although, in absorption
spectra of the polypyridyl ruthenium(II) complexes, the
SMLCT band is observable at >500 nm as a shoulder of
singlet band owing to the spin—orbit coupling, the & value of
[Ru(dmb),(8pyq)]** in a longer-wavelength region is larger
than that of typical *MLCT band (<10* M~! cm™). To reveal
the origin of the difference in the MLCT band between the
complexes, the MLCT absorption maximum energies (E,;)
were plotted against the (E,, — E,.4;) values obtained by the
electrochemical measurements (Figure 4) together with those

29+t

2.8 4

=
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Figure 4. Plot for the absorption maximum energy versus (E, —
E..q1) value of the complexes in CH;CN at 298 K. Black, green, and
red squares correspond to [Ru(dmb),(8pyq)]**, [Ru(dmb),(bpy)]*,
and [Ru(bpy),]**, respectively. Gray squares represent the data for
[Ru(NN);]** complexes taken from ref 36. Black line is a linear
regression for the data except for [Ru(dmb),(8pyq)]*".

of reported homoleptic polypyridyl ruthenium(1l) ([Ru-
(NN);]**) complexes.”® Because a change in the electronic
configuration upon the MLCT transition can be described as
dr® — dm’z*!, the E,, value typically correlates to a difference
between the metal oxidation (Ru™™) and ligand reduction
(L”*7) potentials (i.e., the (E,, — E,q;) value). In practice, a
good linear correlation was found for the typical complexes,
including [Ru(dmb),(bpy)]** and [Ru(bpy);]*". On the basis
of the linear regression in Figure 4, the E,, value of
[Ru(dmb),(8pyq)]** was larger by ~0.25 eV than that
expected from the (E,, — E,4) value. The result indicates
that the absorption shoulder observed in the longer-wave-
length region observed for [Ru(dmb),(8pyq)]** is assigned to
the lowest-energy singlet MLCT transition to the 8pyq ligand.
Further details are discussed in the following section.
Corrected emission spectra of the complexes in CH;CN at
298 K are shown in Figure 5. The emission maximum
wavelengths (A.,) and the emission quantum yields (@)
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Figure 5. Corrected emission spectra of [Ru(dmb),(8pyq)]**
(black), [Ru(dmb),(bpy)]** (green), and [Ru(bpy);]** (red) in
CH,4CN at 298 K (excitation wavelength = 450 nm).

determined by the relative method using [Ru(bpy);](PF), in
CH;CN at 298 K as a standard are summarized in Table 3.
The emission spectrum of [Ru(dmb),(8pyq)]** was broad and
featureless, indicative of a phosphorescence from the *MLCT-
type excited state. The ®,, value of [Ru(dmb),(8pyq)]**
(0.004) was quite low compared with those of the reference
complexes (0.095). Because the structure of [Ru-
(dmb),(8pyq)]** is distorted around the 8pyq ligand and
changes upon one-electron reduction of the 8pyq ligand, as
suggested by the theoretical calculation and electrochemical
measurements, accelerated thermal deactivation to the ground
state is expected. In addition, weak singlet MLCT absorption
indicates a decelerated radiative process as documented as the
Strickler—Berg relation for both organic compounds’” and
transition metal complexes.’”® Therefore, accelerated non-
radiative decay and decelerated radiative processes would
result in the weak emission from [Ru(dmb),(8pyq)]*". The
slightly higher-energy emission of [Ru(dmb),(8pyq)]** (Aem =
630 nm) than that of [Ru(dmb),(bpy)]** (A = 637 nm)
seems to be contradictory to the lower-energy singlet MLCT
absorption. The energy difference between the absorption and
emission of a phosphorescent transition metal complex is
dominated by an extent of intersystem crossing and inner-/
outer-sphere relaxations in the triplet excited states. The
structural change in the excited state indicated by the
electrochemical measurements for [Ru(dmb),(8pyq)]** gen-
erally results in large reorganization energy and, therefore, it is
indicated that [Ru(dmb),(8pyq)]** exhibits a small singlet—
triplet energy gap (AEgy). Because AEgy is an important factor
to control an emissivity of the transition metal complexes as we
have reported, a class of the complexes possessing a six-
membered chelate structure might be a potential candidate for
the future emitting materials. Although we performed the TD-
DFT calculations for the ground-state optimized geometries of
the complexes, small AEg: for [Ru(dmb),(8pyq)]** was,
unfortunately, not evidenced (see Table S3), presumably due
to a lack of considerations of the geometrical changes in the
triplet excited states. Thus, further detailed photophysical
measurements and understanding will be completed by a
development of intensely emissive derivatives because the

emission from [Ru(dmb),(8pyq)]*" is quite weak (®,, =
0.004).

Theoretical Calculations. To evaluate the molecular
orbitals (MOs) and absorption transitions of [Ru-
(dmb),(8pyq)]** in detail, the DFT/TD-DFT calculations
were carried out for the complexes. Selected calculated excited
states (S;—S;0 and S;;—S5; with an oscillator strength (f) being
>0.01) of the complexes are summarized in Tables S4—S6.
Figure 6 (>320 nm region) and Figure S2 (full wavelength

1.6
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Figure 6. Comparisons of the absorption spectra (>320 nm region)
and oscillator strengths calculated by TD-DFT (perpendicular bars)
of [Ru(dmb),(8pya)]>* (a), [Ru(dmb),(bpy)]** (b), and [Ru-
(bpy);]** (c). The transition energies calculated by TD-DFT were
shifted to lower energy by 5% to correct the overestimation.

region) show comparisons of the observed absorption spectra
and singlet absorption transitions obtained by the TD-DFT
calculations, in which transition energies obtained by TD-DFT
were shifted to lower energy by 5%. Although transition
energies were overestimated by ~5%, the calculated transitions
reproduced the experimentally observed spectra of the
complexes well. Furthermore, as compared in Figure 7,
energies of both the highest-energy occupied MO (HOMO)
and lowest-energy unoccupied MO (LUMO) of the complexes
qualitatively correlated to the oxidation (E,,) and first
reduction potentials (E,.q;), respectively. Therefore, the
adequacy of our calculations is supported.

As summarized in Tables S4—S6, the lowest-energy singlet
excited state (S;) of [Ru(dmb),(8pyq)]** is ascribed to a
HOMO — LUMO(55%)/LUMO+1(25%)/LUMO+2(20%)
transition, whereas those of the reference complexes are based
on HOMO — LUMO/LUMO+1 transitions. Tables S7—S9
summarize frontier MO populations of the complexes, and
Figure 8 shows natural transition orbitals (NTOs) to generate
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Figure 7. Redox potentials (left) and MO energies (right) of
[Ru(dmb), (8pyq)]** (black), [Ru(dmb),(bpy)]** (green), and
[Ru(bpy);]** (red). Filled symbols represent the oxidation potentials
(i.e., Ey) or occupied MOs (ie, HOMO, HOMO-1, and HOMO—
2), and hollow ones represent the reduction potentials (i.e., E,.q,_3) or
unoccupied MOs (i.e,, LUMO, LUMO+1, and LUMO+2).

S, of the complexes. These results indicate that S, of
[Ru(dmb),(bpy)]** or [Ru(bpy);]*" is assigned to the
MLCT excited state in which the excited electron is localized
at bpy ligand(s). On the other hand, the hole of [Ru-
(dmb),(8pyq)]** distributes mainly to the 8pyq ligand with a

minor contribution of a dmb ligand. Thus, a transition dipole
moment to give the lowest-energy MLCT excited state
decreases. Because the oscillator strength of a CT transition
proportionally correlates to a square of the transition dipole
moment, [Ru(dmb),(8pyq)]** has shown weak absorption at
the longer-wavelength region. The contribution of higher-
energy 7 orbital of one of two dmb ligands is originated
presumably in a decreased HOMO—LUMO overlap by the
bent coordination of the quinoline moiety, as discussed in the
optimized geometry.

B CONCLUSIONS

A novel polypyridyl ruthenium(II) complex with a six-
membered chelate ring ([Ru(dmb),(8pyq)]**) was synthe-
sized, and the effects of the chelate structure and coordination
geometry on the electrochemical/spectroscopic properties of a
complex were evaluated in detail. The theoretical calculations
suggested a significant influence of an introduction of a six-
membered chelate structure on the coordination sphere, and
the steric displacement of the coordinating nitrogen atoms was
closer to the ideal octahedral geometry than that of the
reference complexes. Owing to such a structural difference, the
oxidation potential was shifted to the negative potential
direction, indicative of a decrease in the extent of the ligand-
field splitting, and relatively intense MLCT absorption in the

[Ru(dmb), (8pyq)]*

[Ru(dmb),(bpy)]**

[Ru(bpy),J**

Figure 8. NTOs for the lowest-energy singlet excited states (S,) of the complexes in CH;CN (contour = 0.03 eA™%).
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longer-wavelength region was observed for [Ru-
(dmb),(8pyq)]** compared with the reference complexes
without any six-membered chelate rings. Although intense
absorption in the broad UV—visible is advantageous for the
applications as photosensitizers, the emission from [Ru-
(dmb),(8pyq)]** was quite weak, presumably due to the
structural distortion of the 8pyq ligand in the complex. On the
basis of the results obtained in the present study, new and
novel light absorbers/triplet emitters will be developed in the
near future.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.9b00924.

Synthesis and detailed results of theoretical calculations
(PDF)

B AUTHOR INFORMATION

Corresponding Author
*E-mail: ito.akitaka@kochi-tech.ac.jp.

ORCID
Akitaka Ito: 0000-0002-0893-5535

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Thompson, D. W.; Tto, A.; Meyer, T. J. [Ru(bpy);]*** and Other
Remarkable Metal-to-Ligand Charge Transfer (MLCT) Excited
States. Pure Appl. Chem. 2013, 85, 1257—1308.

(2) O’Regan, B.; Gritzel, M. A Low-Cost, High-Efficiency Solar Cell
Based on Dye-Sensitized Colloidal TiO, Films. Nature 1991, 353,
737-740.

(3) O’Regan, B.; Schwartz, D. T. Large Enhancement in Photo-
current Efficiency Caused by UV Illumination of the Dye-Sensitized
Heterojunction TiO,/RuLL’NCS/CuSCN: Initiation and Potential
Mechanisms. Chem. Mater. 1998, 10, 1501—1509.

(4) Gritzel, M. Dye-Sensitized Solar Cells. J. Photochem. Photobiol,,
C 2003, 4, 145—153.

(5) Kinoshita, T.; Nonomura, K; Joong Jeon, N.; Giordano, F.;
Abate, A,; Uchida, S.; Kubo, T.; Seok, S. I; Nazeeruddin, M. K;
Hagfeldt, A.; Gritzel, M.; Segawa, H. Spectral splitting photovoltaics
using perovskite and wideband dye-sensitized solar cells. Nat.
Commun. 2015, 6, 8834.

(6) Kalyanasundaram, K. Photophysics, Photochemistry and Solar
Energy Conversion with Tris(bipyridyl)ruthenium(II) and Its
Analogues. Coord. Chem. Rev. 1982, 46, 159—244.

(7) Meyer, T. J. Chemical Approaches to Artificial Photosynthesis.
Acc. Chem. Res. 1989, 22, 163—170.

(8) Alstrum-Acevedo, J. H.; Brennaman, M. K; Meyer, T. J.
Chemical Approaches to Artificial Photosynthesis. 2. Inorg. Chem.
2005, 44, 6802—6827.

(9) Sato, S.; Arai, T.; Morikawa, T.; Uemura, K; Suzuki, T. M,;
Tanaka, H.; Kajino, T. Selective CO, Conversion to Formate
Conjugated with H,O Oxidation Utilizing Semiconductor/Complex
Hybrid Photocatalysts. J. Am. Chem. Soc. 2011, 133, 15240—15243.

(10) Sato, S.; Matubara, Y.; Koike, K.; Falkenstrom, M.; Katayama,
T.; Ishibashi, Y.; Miyasaka, H.; Taniguchi, S.; Chosrowjan, H,;
Mataga, N.; Fukazawa, N.; Koshihara, S.; Onda, K; Ishitani, O.
Photochemistry of fac-[Re(bpy)(CO);Cl]. Chem. - Eur. ]. 2012, 18,
15722—15734.

(11) House, R. L.; Tha, N. Y. M;; Coppo, R. L.; Alibabaei, L.;
Sherman, B. D.; Kang, P.; Brennaman, M. K;; Hoertz, P. G.; Meyer, T.

J. Artificial Photosynthesis: Where Are We Now? Where Can We Go?
J. Photochem. Photobiol.,, C 2015, 25, 32—45.

(12) Baldo, M. A.; Lamansky, S.; Burrows, P. E.; Thompson, M. E.;
Forrest, S. R. Very High-Efficiency Green Organic Light-Emitting
Devices Based on Electrophosphorescence. Appl. Phys. Lett. 1999, 75,
4—6.

(13) Lamansky, S.; Djurovich, P.; Murphy, D.; Abdel-Razzaq, F.;
Lee, H.-E.; Adachi, C.; Burrows, P. E.; Forrest, S. R.; Thompson, M.
E. Highly Phosphorescent Bis-Cyclometalated Iridium Complexes:
Synthesis, Photophysical Characterization, and Use in Organic Light
Emitting Diodes. J. Am. Chem. Soc. 2001, 123, 4304—4312.

(14) Borek, C.; Hanson, K.;; Djurovich, P. I; Thompson, M. E;
Aznavour, K; Bau, R.; Sun, Y.; Forrest, S. R.; Brooks, J.; Michalski, L.;
Brown, ]J. Highly Efficient, Near-Infrared Electrophosphorescence
from a Pt-Metalloporphyrin Complex. Angew. Chem., Int. Ed. 2007,
46, 1109—1112.

(15) Yersin, H.; Rausch, A. F.; Czerwieniec, R.; Hofbeck, T.; Fischer,
T. The Triplet State of Organo-Transition Metal Compounds. Triplet
Harvesting and Singlet Harvesting for Efficient OLEDs. Coord. Chem.
Rev. 2011, 255, 2622—2652.

(16) Chi, Y.; Tong, B.; Chou, P.-T. Metal Complexes with Pyridyl
Azolates: Design, Preparation and Applications. Coord. Chem. Rev.
2014, 281, 1-25.

(17) Haga, M.-a,; Matsumura-Inoue, T.; Shimizu, K; Sat6, G. P.
Notes Ligand Additivity in the Oxidation Potentials of Bidentate
Mixed-Ligand Ruthenium(II) Complexes. J. Chem. Soc,, Dalton Trans.
1989, 371-373.

(18) Allard, M. M,; Odongo, O. S.; Lee, M. M; Chen, Y.-J;
Endicott, J. F,; Schlegel, H. B. Effects of Electronic Mixing in
Ruthenium(II) Complexes with Two Equivalent Acceptor Ligands.
Spectroscopic, Electrochemical, and Computational Studies. Inorg.
Chem. 2010, 49, 6840—6852.

(19) Ito, A; Stewart, D. J.; Fang, Z.; Brennaman, M. K; Meyer, T. ].
Sensitization of Ultra-Long-Range Excited-State Electron Transfer by
Energy Transfer in a Polymerized Film. Proc. Natl. Acad. Sci. U. S. A.
2012, 109, 15132—151385.

(20) Ito, A.; Stewart, D. J.; Knight, T. E.; Fang, Z.; Brennaman, M.
K.; Meyer, T. J. Excited-State Dynamics in Rigid Media: Evidence for
Long-Range Energy Transfer. J. Phys. Chem. B 2013, 117, 3428—3438.

(21) Ito, A;; Fang, Z.; Brennaman, M. K.; Meyer, T. ]. Long-Range
Photoinduced Electron Transfer Dynamics in Rigid Media. Phys.
Chem. Chem. Phys. 2014, 16, 4880—4891.

(22) Suzuki, K.; Kobayashi, A.; Kaneko, S.; Takehira, K.; Yoshihara,
T.; Ishida, H.; Shiina, Y.; Oishi, S.; Tobita, S. Reevaluation of
Absolute Luminescence Quantum Yields of Standard Solutions Using
a Spectrometer with an Integrating Sphere and a Back-Thinned CCD
Detector. Phys. Chem. Chem. Phys. 2009, 11, 9850—9860.

(23) Ishida, H.; Tobita, S.; Hasegawa, Y.; Katoh, R.; Nozaki, K.
Recent Advances in Instrumentation for Absolute Emission Quantum
Yield Measurements. Coord. Chem. Rev. 2010, 254, 2449—2458.

(24) Parker, C. A.; Rees, W. T. Correction of Fluorescence Spectra
and Measurement of Fluorescence Quantum Efficiency. Analyst 1960,
85, 587—600.

(25) Valeur, B. Molecular Fluorescence: Principles and Applications;
Wiley-VCH: Weinheim: New York, 2006.

(26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson,
G. A; Nakatsuji, H.; Li, X,; Caricato, M.; Marenich, A. V.; Bloino, J.;
Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J.
V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.;
Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A,; Henderson,
T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.;
Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Throssell, K; Montgomery, J. A, Jr; Peralta, J. E.; Ogliaro, F;
Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N,; Keith, T. A,; Kobayashi, R.;; Normand, J.; Raghavachari, K;
Rendell, A. P.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M,;
Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.; Ochterski, J. W.;

DOI: 10.1021/acs.inorgchem.9b00924
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b00924
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.9b00924
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b00924/suppl_file/ic9b00924_si_001.pdf
mailto:ito.akitaka@kochi-tech.ac.jp
http://orcid.org/0000-0002-0893-5535
http://dx.doi.org/10.1021/acs.inorgchem.9b00924

Inorganic Chemistry

Forum Article

Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J.
Gaussian 16, Rev. A.03; Gaussian, Inc.: Wallingford, CT, 2016.

(27) Lee, C.; Yang, W.; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785—
789.

(28) Becke, A. D. Density-Functional Thermochemistry. III. The
Role of Exact Exchange. J. Chem. Phys. 1993, 98, 5648—5652.

(29) Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for the Transition Metal Atoms Sc
to Hg. J. Chem. Phys. 1985, 82, 270—283.

(30) Wadt, W. R;; Hay, P. J. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for Main Group Elements Na to Bi.
J. Chem. Phys. 198S, 82, 284—298.

(31) Hay, P. J.; Wadt, W. R. Ab Initio Effective Core Potentials for
Molecular Calculations. Potentials for K to Au Including the
Outermost Core Orbitals. J. Chem. Phys. 1985, 82, 299—-310.

(32) Petersson, G. A.; Al-Laham, M. A. A Complete Basis Set Model
Chemistry. II. Open-Shell Systems and the Total Energies of the First-
Row Atoms. J. Chem. Phys. 1991, 94, 6081—6090.

(33) Dennington, R.; Keith, T. A.; Millam, J. M. Gauss View, Version
6; Semichem Inc.: Shawnee Mission, KS, 2016.

(34) Scalmani, G.; Frisch, M. J. Continuous Surface Charge
Polarizable Continuum Models of Solvation. I. General Formalism.
J. Chem. Phys. 2010, 132, 114110.

(35) Delis, J. G. P.; Rep, M,; Riilke, R. E.; van Leeuwen, P. W. N. M.;
Vrieze, K.; Fraanje, J.; Goubitz, K. Coordination modes of the novel
bifunctional nitrogen ligands 8-(2-pyridyl)quinoline and 8-(6-methyl-
2-pyridyl)quinoline towards palladium and platinum. X-ray crystal
structures of (8-(2-pyridyl)quinoline)Pd(Me)Cl, (8-(2-pyridyl)-
quinoline)-Pd(C(O)Me)Cl and (8-(2-pyridyl)quinoline)Pd(PEt3)-
Cl2. Inorg. Chim. Acta 1996, 250, 87—103.

(36) Kawanishi, Y.,; Kitamura, N.,; Tazuke, S. Dependence of
Spectroscopic, Electrochemical, and Excited-State Properties of Tris
Chelate Ruthenium(IT) Complexes on Ligand Structure. Inorg. Chem.
1989, 28, 2968—2975.

(37) Strickler, S. J.; Berg, R. A. Relationship between Absorption
Intensity and Fluorescence Lifetime of Molecules. J. Chem. Phys.
1962, 37, 814—822.

(38) Nakagawa, A.; Ito, A; Sakuda, E; Fujii, S.; Kitamura, N.
Emission Tuning of Heteroleptic Arylborane-Ruthenium(II) Com-
plexes by Ancillary Ligands: Observation of Strickler-Berg-Type
Relation. Inorg. Chem. 2018, 57, 9055—9066.

DOI: 10.1021/acs.inorgchem.9b00924
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.9b00924

