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Atsushi Fushimi, Yoshihito Maeno, Tomohisa Miura, Akihiro Tsukamoto, Takuji Hirose,
Kazuyuki Kasuga*, Nobuko Onozawa*, Satomi Sakai**, Akio Yoshimura** and Takeshi Ohno**
Department of Applied Chemistry, Saitama University, ~ 255 Shimo-ohkubo, Urawa, Saitama

338-8570
*National Institute of Materials and Chemical Research, 1-1 Higashi, Tsukuba, Ibaraki, 305-8565
**Department of Chemistry, Graduate School of Science, Osaka University, 1-16 Machikaneyama,
loyonaka, 560

Multinuclear complexes, which consist of chelating ligands and transition metals, attract large
attention for the fundamental study of photoinduced energy and electron transfer.  In particular
heteronuclear complexes of Ru(Il) and Os(II) were vigorously investigated because of the Ru(Il)—
Os(Il) transfer of electronic excitation energy. Most of the complexes studied are, however,
species having only one or two metal centers. In this study, we report the synthesis of
multinuclear complexes containing Ru(Il) and Os(II), Ru(ll)-Os(ll), Ru(I)-Os(I); and
Ru(1I);-Os(II) and the relationship of their photochemical and/or photophysical properties and their
compositions was discussed from the results of their spectroscopic measurements.
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Scheme 1.

The synthetic routes are summarized in Scheme 1. The complexes [Ru"(bpy):Mephen](PFs),
(Ru) and [Os"(bpy),Mephen](PFs), (Os) were synthesized following the standard procedure. In
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order to achieve fast and efficient energy transfer, we prepared 1 and 2 as a short bridging ligand."?
Complexation of 1 with M(bpy)2Cl, (M = Ru, Os) provided 3 and 4, respectively. In the same
way, 5 and 6 ware prepared from 2. The Ru(I)-Os(II) binuclear complexes 7 and 8 ware directly
synthesized from 3 and 5 with Os(bpy),Cl,, respectively. The tetranuclear complexes 9, 10, and
11 were prepared by using the convergent synthetic method. 34

Summary of the absorption and luminescence date is shown in Table 1. All spectra showed the
metal-to-ligand charge-transfer (MLCT) bands in the visible region. In 7, 8, 9, 10, and 11,
efficient quenching of emission from ruthenium moieties and increase of emission from osmium
moieties were observed. The results of excitation lifetime measurements also indicated the same
phenomenon.  Apparently, efficient energy transfer was realized from the ruthenium to the osmium
units. Thus, multinuclear complexes containing Ru(Il) and Os(Il) 7, 8, 9, 10, and 11 featured the
so called ‘antenna effect’. 1In particular, 8, 10, and 11 indicate the efficient energy transfer in the
opposite direction, respectively; 9 and 10 is expected to work for ‘light-diffusion’ system, on the
other hand, 11 is expected to work for ‘light-harvesting’ system. From the emission lifetime of Ru,
the effect of the length of the bridging ligands was also suggested.

Table 1. Absorption and Emission Spectral Date of Complexes in deoxygenated CH3;CN

Absorption® Fmission

Compound® A manm (£ /10 M em™) A max/NM t /ns Leet” |
Ru Os Ru Os Ru Os
Ru 450 (1.4) 610 — 909 — 100 —

Os 432 (1.5), 479 (1.5) — 734 — 57— 13
448 (3.2) 610 734 030 68 14 27

448 (3.0) 610 734 077 64 17 33

434 (6.6) 610 732 0.04 60 29 68

10 434 (5.7) 610 ¢ 0.16 56 d b

1 449 (6.5) 610 720 0.30 208 22 54

*For the abbreviations used, see text. °MLCT absorption measured at room temperature. °Excitation: 460nm (the
isosbestic point of Ru and Os), Concentration: 2.0 X 10° M, and the values are relative emission intensities per one
metal center in each complexes based on that of Ru.  “In progress.
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INTER-SYSTEM CROSSING IN THE ELECTRON TRANSFER PRODUCTS
OF RUTHENIUM(II)-COBALT(III) BI-NUCLEAR COMPLEXES
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Naoki MUTOU' and Takuiji HIROSE!

Department of Chemistry, Graduate School of Science, Osaka University, 1-16
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On the photo-excitation of binuciear complex consisting of Ru** as electron donor and
Co** as electron acceptor, forward electron transfer (FET) occurs to produce Ru(lil)-Co(ll)
which returns to the ground state of the starting complex through back electron transfer
(BET). Only a few studies on photoinduced intramolecular electron transfer within binuclear
complex of Ru(ll)-Co(lll) were reported, in
which» the rate of electron transfer has been
discussed. " ? ,

In the present study, [Ru(bpy).(tpphz)
Co(bpy).)J(PFe)s ( bpy = 2,2-bipyridine, tpphz
= tétrapyrido[3,2-a:2’,3‘-c:3",2”-h::2”’,3”’-]]
phenazine), [Ru(tpy)(btbz)Co(tpy)}(PF)s ( tpy
= 2,2':6’,2"-terpyridine, btbz = 1,4-bis[2,2".
6',2"-terpyridine-4"-yllbenzene) and [Ru(tpy)
(bpap)Co(tpy)l(PFe)s ( bpap = €'.6"-Bis(2-
pyridyl)-2,2":4' 4":2” 2'""-quarter-pyridyne )
were synthesized newly, and the time-
resolved transient absorption (TA) spectra
after laser excitation were measured.

TA spectra of three complexes were

measured in time region of sub-picosecond, picosecond and nanosecond. ki at RT of
[Ru(bpy),(tpphz)Co (bpy),]** is 2.0 x 107 s™", that of [Ru(tpy)(btbz)Co(tpy)]** is 6 x 10°s™ and
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that of [Ru(tpy)(bpqp)Co(tpy)]f‘* is 22 x 10" s'. The distance between *“Co(il) and

coordinating nitrogen is 0.01 nm longer than that between ZCo(ll) and the coordinating
nitrogen atom. This is the reason why BET from “Co(ll) is much slower than that from
2Co(ll). In the equilibrium, fraction of “Co(lf) in [Ru(bpy).(tpphz)Co(bpy),]** is far more than
that of 2Co(ll), but those fractions in [Ru(tpy)(btbz)Co(tpy)l** and [Ru(tpy)(bpqgp)Co(tpy)l**
are nearly half at RT.? it leads to the conclusion that BET from 2Co(li) is dominant in
[Ru(tpy)(btbz)Co(tpy)]>* and [Ru(tpy)(bpap)Co(tpy)]*". But a question which state
undergoes BET in {Ru(bpy),(tpphz)Co(bpy).I>* is left.

2Ru(lll)-*Co(ll) was formed in the rapid decay of triplet of Metal-to-Ligand Charge
Transfer (°MLCT) state. If inter-system crossing (JSC) between 2Co(ll) and “Co(ll) is faster
than BET from 2Co(ll), Co(ll) and “Co(ll) will be in equilibrium. Beattie et a/ reported some
difference between the doublet and the quartet of [Co(tpy),J**.> The spin-ecjuilibrium
constant of [Ru(lII)(tpy)(btbz)Co(Il)(tpy)]5‘ can be similar to that of [Co(tpy),}]*". Thus, the
energy level of [Ru(lll)(tpy)(btbz)’Co(il)(tpy)]** is nearly the same as that of [Ru(lil)(tpy)
(btbz)*Co(ll)(tpy)]* at RT, and that of [Ru(lif)(tpy)(btbz)*Co(ll)(tpy)}** is much lower than that
of [Ru(lll)(tpy)(btbz)‘Co(ll)(tpy)]s’ at lower temperature than RT. The rate of BET of

[Ru(tpy)(btbz)Co(tpy)]** increases slightly with decreasing temperature. kg at 221 K is

8.4x10° 7. It leads to the conclusion that “Co(il) and *Co(ll) of electron transfer product

are in equilibrium. But, we are unable to determine the rate of ISC exactly, since the
absorption change around 450 nm with ISC is very small.

Quantum yield of [Ru(lil)(bpy),(tpphz)Co(ll)(bpy),]** is nearly 100%. But eVery yield of
[Ru(tpy)(btbz)Co(tpy)]** and [Ru(tpy)(bpap)Co(tpy)]®" is around 50%. That is to say, there
should be a quenching process of MLCT excited state except for the formation of
[Ru(il)(tpy)(btbz)Co(Ml)(tpy)I** and [Ru(l)(tpy)(bpap)Co()(tpy)l**. The quenching process
will be discussed in the presentation. '

1) X. Song, Y. Lei, S. V. Wallendal, M. W. Perkovic, D. C. Jackman, J. F. Endicott, and D.
P. Rillema, J. Phys. Chem., 1993, 97, 3225 |

2) A. Yoshimura, K. Nozaki, N. lkeda, and T. Ohno, J. Phys. Chem., 1996, 100,1630

3) R.A Binstead, and J. K. Beattie, /norg. Chem., 1986, 25, 1481
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* National Institute of Materials and Chemical Research, 1-1 Higashi, Tsukuba, Ibaraki
305-8565, Japan
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Polypyridyl complexes of ruthenium have attracted large attention in the
photochemical field because of their photoproperties like long-lived photoexcited state.
Many kinds of Ru complexes have been synthesized and characterized using various
bidentate and tridentate ligands such as 2,2"-bipyridine (bpy) and 2,2”: 6’,2”-terpyridine
(tpy). Most of such complexes are coordinated by six nitrogen atoms of bpy- or
tpy-type ligands to each metal centers. However, binuclear complexes coordinated by
both bpy- and tpy-type ligands have not been reported. These complexes including
monodentate ligands seem interesting because these sites can be used for further
modulation of their photochemical and/or electrochemical properties. We report the
synthesis and properties of Ru mononuclear complexes (1a, 1b, 3a, 3b) and Ru-Ru
dinuclear complexes (2a, 2b, 4a, 4b) by using tpp and tpy-tpy as a bridging ligand (BL).

Bridging ligand tpp, tpy-tpy and the Ru mono-bpy complex [Ru(bpy)CsHsCls] were
prepared according to the reported methods."¥ The complexes (1a, 2a, 3a, 4a) were
prepared by heating at 110°C a mixture of the Ru mono-bpy complex and the
appropriate bridging ligands in DMF. The complexes (1b, 2b, 3b, 4b) were synthesized
by refluxing 1a, 2a, 3a,

4a in pyridine solution, 7 = A\ / A
. N N / =N
respectively. -
Th . QN RuD N (CI0y), P! Ru(II) N NRu(II)N )| (€104
e

absorption
/ N N
and emission data of X 7 \=
_ 2a (x 01)
all complexes are i;((;(@g;)) 2b (Xepy)

presented in Table 1.

\ A
For all complexes, N N
absorption bands were (€10 N Ru@h N p—4 N Rudh N | (104
. . \
observed in the region X/ X
between 463 and 598 3a (X=C1) da (X=Cl) N a
3b (X=py) 4b (X=py) NO



nm. We ascribed the bands in the region between 463 and 598 nm to Ru(d = )—BL(=
*) transition. Absorption maxima of all dinuclear complexes redshifted comparing
with corresponding mononuclear complexes. Therefore the conjugation system of
tpy-tpy BL became longer by forming dinuclear complexes than that of mononuclear
complexes as in the case of tpp BL.® Absorption maxima of the complexes including
py at X position blueshifted comparing with the complexes including Cl. The
presence of chloride anion worked to decrease the energy gap between HOMO and
LUMO because of its higher electron density.

Table 1. Absorption and emission data of Ru(II) complexes.

Complex Absorpti.on Emission®
Amax / DM (assignment) Amax / DM

1a 506 (Ru—BL CT) 754

1b 463 (Ru—BL CT) 727

2a 598 (Ru—BL CT) 891

2b 559 (Ru—BL CT) , 834

3a 518 (Ru—BL CT) 775

3b 484 (Ru—BL CT) 723

4a 597 (Ru—BL CT) 824

4b 525 (Ru—BL CT) 730

* All complexes were excited at A,,,, of absorption spectra.
Absorption and emission spectra were measured in degassed CH3CN at room temperature.
The concentration of the samples were 1.0 x 10° M.

We will investigate the Ru-Co dinuclear complexes by using both bpy- and tpy-type
ligands for photoinduced electron transfer devices.

1) H. A. Goodwin and F. Lions, J. Am. Chem. Soc., 81, 6415 (1959).

2)E. C. Constable and M. D. Ward, J. Chem. Soc. Dalton Trans, 1990,1405.

3) E. C. Constable and A. C. Thompson, J. Chem. Soc. Dalton Trans, 1992, 3467.

4) H. Ishida et al, Abstruct of Forum of Photochemistry of the Coordinated Compounds,
Urawa, 1999, p. 93.

5) Y. Takeuchi, et al., Abstruct of PCPM 2000, Tsukuba, 2000, p. 250.
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MULTINUCLEAR COMPLEXES OF RUTHENIUM AND OSMIUM
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Multinuclear complexes, which consist of chelating ligands and transition metals, attract large
attention for the fundamental study of photoinduced energy and electron transfer.  In particular
heteronuclear complexes of Ru(II) and Os(IT) were vigorously investigated because of the Ru(II)—
Os(Il) transfer of electronic excitation energy. Most of the complexes studied are, however,
species having only one or two metal centers. In this study, we report the synthesis of
multinuclear complexes containing Ru(Il) and Os(II), Ru(Il)-Os(II), Ru(II)-Os(ll); and
Ru(11);-Os(11) and the relationship of their photochemical and/or photophysical properties and their
compositions was discussed from the results of their spectroscopic measurements.
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51% 14
Scheme 1.

The synthetic routes are summarized in Scheme 1. The complexes [Ru”(bpy),Mephen](PFs),
(Ru) and [Os" (bpy);Mephen](PFe), (Os) were synthesized following the standard procedure. In



order to achieve fast and efficient energy transfer, we prepared 1 and 2 as a short bridging ligand."?
Complexation of 1 with M(bpy),Cl, (M = Ru, Os) provided 4 and 5, respectively. In the same
way, 6 and 7 ware prepared from 2 and 8 was prepared from 3. The Ru(II)-Os(Il) binuclear
complexes 9, 10 and 11 ware directly synthesized from 3, § and 8 with Os(bpy).Cly, respectively.
The tetranuclear complexes 12, 13, and 14 were prepared by using the convergent synthetic
method. **

Summary of the absorption and luminescence date is shown in Table 1.  All spectra showed the
metal-to-ligand charge-transfer (MLCT) bands in the visible region. In 9, 10, 11, 12, 13 and 14,
efficient quenching of emission from ruthenium moieties and increase of emission from osmium
moieties were observed. The results of excitation lifetime measurements also indicated the same
phenomenon. Apparently, efficient energy transfer was realized from the ruthenium to the osmium
units. Thus, multinuclear complexes containing Ru(Il) and Os(Il) 9, 10, 11, 12, 13 and 14
featured the so called ‘antenna effect’. In particular, 9, 10, and 11 indicate the efficient energy
transfer in the opposite direction, respectively; 12 and 13 is expected to work for ‘light-diffusion’
system, on the other hand, 14 is expected to work for ‘light-harvesting’ system. From the
emission lifetime of Ru, the effect of the length of the bridging ligands was also suggested.

Table 1. Absorption and Emission Spectral Date of Complexes in deoxygenated CH;CN

Emission
+ b
Compound® 2 o /nAx;r(S:r/plt(l)glri/f‘cm“) A max/NM 7 /ns Leel®

Ru Os Ru Os Ru Os

Ru 450 (1.4) 610 —_ 840 — 100 —
Os 432 (1.5), 479 (1.5) — 734 — 50 — 13
9 448 (3.2) 610 734 0.3 68 1.4 27
10 448 (3.0) 610 734 0.77 64 1.7 33
11 438(2.9) 610 733 6.5 56 9.0 26
12 434 (6.6) 610 733 0.04 60 0.9 58
13 434 (5.7) 610 733 0.16 56 1.2 53
14 449 (6.5) 610 720 0.3 208 2.2 159

‘F_or the abbreviations used, see text. °MLCT absorption measured at room temperature. °Excitation: 460nm (the
isosbestic point of Ru and O8), Concentration: 2.0 X 10° M, and the values are relative emission intensities per one
metal center in each complexes based on that of Ru. %n progress.
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Tablel. Absarption and emission spectral data of Complexes in degassed CHsCN

Absorption® Emission
Compound Amax/nm Amax/nm fralb T/ns
(e/104mol/D) Ru Os Ru Os Ru Os
Ru® 450(1.4) 610 100 909
Os® - 432(1.5)479(1.5) 734 100 57
1 448(3.2) 610 734 1.4 208 0.30 68
2 448(3.0) 610 734 1.7 255 077 64
3 437(3.0) 612 730 12 204

"MLCT absorption measured at room temperature. "PExcitation: 460nm (the isosbestic
point. of Ru and 0s). Concentration:2.0 X 10°M. “Ru : Ru(bpy)e(Mephen).
10s : Os(bpy)a(Mephen). ¢in progress
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Abstract

Photocatalytic CO; reduction was performed in a partially heterogeneous system using
Ru and Co complexes: [Ru(bpy)s]** (bpy = 2,2’-bipyridine) as a photosensitizer was fixed to
cation exchange polymers while [Co(bpy):]*" was used as a homogeneous catalyst. It was
demonstrated that the metal complex system could be repeatedly used after replacement of the
gaseous components by fresh CO,. Reuse of the complexes in the homogeneous systems
was also experimented. As a result, increased CO production (TN = 8.3) was achieved in the
heterogeneous system due to the prolonged catalytic activity more than 400 h under
atmospheric pressure. Apparent deactivation of the system was discussed in terms of the

intermediates of the Co complex.

Keywords: Photocatalytic reduction; Carbon dioxide; Cobalt complex; Ruthenium complex;

Heterogeneous system



1. Introduction

About 20 years ago, Lehn ef al. reported the pioneering work on a photocatalytic CO,
reduction system using Ru and Co polypyridine complexes in a homogeneous solution [1],
which has collected increasing interest from not only academic but also energetic and
environmental point of view [2-10]. The system is important because visible light (A>400
nm), a major part of sunlight, can be used as an energy source. It is also interesting that two
kinds of metal complexes play different roles [1]: the Ru and Co complexes work as a
photosensitizer and a catalyst, respectively.

Although the mechanism is not completely elucidated [1b], the following is accepted,
photo-excited Ru complex, *Ru", transfers an electron to Co™' complex, which works as a

I complex is reduced by a tertiary amine

reaction center of CO,, and then the oxidized Ru
known as the “sacrifice reagent”. Many research groups have worked on related systems for
mechanistic study and/or for more efficient production of CO. Other combinations of metal
complexes [3,5,6], other kinds of sensitizers and reducing agents [3,6,7] and dinuclear
systems [8-10] have been investigated but little work has been done on heterogeneous
systems.

Development of heterogeneous catalysts is usually advantageous for processing and also
for recovery of the catalysts. When metal complexes are fixed to a solid matrix, dissociation
of ligands from a metal ion could be suppressed due to restricted mobility, which should lead

to a longer lifetime. Here we report a partially heterogeneous CO, photoreduction system,

1> was

where [Ru(bpy)s]** was fixed to an ion exchange polymer [11] and [Co(bpy)s
dissolved in a mixture of dimethylformamide (DMF) as solvent and triethanol amine (TEOA)

as a reducing agent and the amount of produced CO and its ratio to H; was discussed.



2. Experimental

2.1. Materials

All reagents and solvents were purchased from Wako Pure Chemical Industries, Ltd.,
Sigma-Aldrich Corporation Inc. and Kanto Chemical Co., Ltd. of at least reagent grade
quality, and were used as received except for DMF and TEOA, which were distilled from
KOH.

All polymer supports, Amberlite IR-120 (Rohm & Hass), Nafion 112 (Du Pont), and
Nafion NR-50 N (Du Pont), were used without further purification. Both complex fixed
Nafions were cut into small pieces, approximately several mm square (Nafionl12) and cubic
(Nafion NR-50) for photoreaction while Amberlite IR-120 was used in the original shape.

The Ru mononuclear complex, Ru(bpy);Cl, [12], and the Ru-Co dinuclear complex,
(bpy)Ru(phen-C,Hs-phen)Co(bpy). (phen = phenathroline-4-yl) [10], were prepared
according to the literature procedures. The Co mononuclear complex, Co(bpy);Clz, was
prepared by the reaction of 1 eq. CoCly'6H,0 and 3 eq. of bpy in ethanol (80 °C, 2 h). After
concentration of the reaction mixture, the precipitate was collected and used for the
photochemical reaction without further purification: ES-MS; 264 [M-2CI'1**/2, 406 [M-bpy-ClT",
186 [M-bpy-2CI'1*/2. Anal. Caled for CsHaNsCLCo- 1.5H,0: C, 57.56; H, 4.32; N, 13.43%.

Found: C, 57.41; H, 4.23; N, 13.32%.

2.2. Spectroscopic study

The IR, UV, and emission spectrum were studied for Ru complexes fixed to Nafion 112 and

compared with those of Ru(bpy)sCl,. As shown in Fig. 1, almost the identical emission



spectra with 20% lower intensity was obtained for the solid membrane as that of the original
complex (602 nm, intensity 107.2 awu.). Obviously, however, it is impossible to
quantitatively compare the data due to the differences in concentration and conditions
between the Ru complexes. Some identical peaks were also observed in IR and UV

measurement but the spectrum were not clear due to the membrane thickness (50 pm).

2.3. Photochemical reaction

All photoreactions were carried out by using a certain amount of the Ru and Co
complexes or the dinuclear Ru-Co complex in the DMF/TEOA (4/1, v/v) or DMF/H,O/TEOA
(3/1/1, v/v/v) (30 ml) mixed solvent. The reaction mixture was saturated with CO; by
exposure to atmospheric pressure of CO, for at least 20 min and the solution was transferred
to a gastight photolysis photoreaction vessel (Pyrex) [10]. Photoirradiation was carried out
with a Xe lamp (Ushio UXL500D-0O) with an IR-cut filter (HOYA, HA-50) and the
irradiation was continued until the evolution of CO became negligible, less than
approximately 2%, in more than 4 h for each experiment and the maximum experimental

error was about 25%.

2.4. Measurements

Gas sampling (0.3 ml) was performed at various intervals with a gastight syringe through
a septum. The amounts of CO and H; produced were detected by TCD-GC (Hitachi 263-50,
3 mm x 5 m activated charcoal column, at 70 °C using Ar as a career gas). Each gas was
identified and quantified using the working curve, which had been previously obtained using

standard CO and H, gas (GL Science).



3. Results and Discussion

3.1. Blend system

In order to prepare a heterogeneous photocatalyst system, we first blended metal
complex(es) with a polymer. It was expected that CO; dissolved in the solvent would diffuse
into the polymer matrix and react with the metal complexes. A polymer-complex blend was
prepared as follows: the polymer was dissolved in an appropriate solvent and the complex
was added into the mixture. However, only a limited number of polymers were applicable,
as the blends must be homogeneous in the solvent for photoreaction. For example,
homogeneous polystyrene (PS)-based blend could not be prepared because the complexes did
not dissolve in tetrahydrofuran, which is a good solvent for PS.

The Ru and/or Co complexes were blended into four polymers, polyvinyl chloride (PVC),
poly(vinyl acetate) (PVAc), poly(vinyl alcohol) (PVA), and poly(viny! cinnamate) (PVCm)
and all of the mixtures formed membranes. Among them, PVC- and PVAc-based
membranes were fed to the DMF-H,O0-TEOA mixed solvent and were irradiated. On the
other hand, PVA- and PVCm-based polymers were thermally and photochemically
cross-linked, respectively. [13] The mixtures were applied to the photoreaction step. As a
result, most of the blends maintained their membrane forms at least for one day, but the

complexes soon came out of the polymer matrix due to polymer dilation in DMF-H,0-TEOA.

3.2. Adsorption system

3.2.1. Fixation of metal complexes



Three kinds of cation exchange polymers, PS-based Amberlite IR-120, perfluorinated
Nafion112 (membrane type), and Nafion NR-50 (grain type) were used for fixing the Ru and
Co complexes. The first was expected to be compatible with organic solvents and the others
should be stable for photoreduction. All polymers used seemed effective in fixing the Ru
and Co complexes. Only small amounts of the complexes, probably physically adsorbed
ones, came off during the first photo-irradiation but not any more as far as the solvent is the
DMF-TEOA mixture. Most complexes, however, were completely taken off from the
polymers under strongly acidic conditions at pH<1. This feature may be important for

handling Ru-based compounds considering Ru is generally expensive.

3.2.2. Photoreaction

The photosensitizer, Ru(bpy);Clz, fixed to Nafion 112, photoactive in solid as mentioned
in Experimental, was irradiated using a Xe lamp under atmospheric pressure of CO; in the
presence of Co(bpy)sCl, dissolved in DMF-TEOA. Only small amount of dilation of the
polymer substrate was observed. The reaction system is schematically shown in Fig. 2.
Production of CO was observed as seen in Fig. 3; that is, photoreduction of CO; in the
partially heterogeneous Ru-Co system was achieved for the first time. Both CO (20.0 pumol)
and H, (50 umol) were produced during the first irradiation for two days. For comparison,
the homogeneous system was also examined under the identical conditions and about two
times CO production (38 umol) was observed in two days as seen in Fig. 4. Low CO
productivity in the heterogeneous system may be the result of decrease in the rate of electron
transfer from the Ru complex on the polymer surface to the Co complex in solution.

The reddish-orange color of the polymer membrane and the homogeneous system was

maintained after CO production apparently stopped. This observation suggested that the



photosensitizer was still active. With this in mind, in order to examine the durability of the
corﬂplexes, we tried to reuse the metal complexes for both heterogeneous and homogeneous
systems. After CO production was stopped not only the gas phase but also the mixed solvent
were resaturated by CO; and the photoreaction was resumed. As a result, 5 cycles, totally
more than 400 hours of photoirradiations were repeated and it was demonstrated that the
catalytic activity was maintained at more than 200 hours in the present heterogeneous system
as shown in Table 1 (Run 1) and Fig. 3. As the lifetime of the metal complexes was
extended greater than that in the homogeneous solution, the total amount of CO produced was
comparable to the homogeneous system. In addition the CO/H; ratio was increased to 0.45.
To our surprise, the complexes in the homogeneous system was also shown to be reusable
(Table 1; Run 6), although the activity was largely decreased after the first reaction as shown
in Fig. 4.

We thought the prolonged lifetime of the polymer-supported system was due to
retardation of the decomposition of [Ru(bpy)s]** because the complex could not move from
the ion exchange polymer surface so dissociation of the ligands was suppressed. Considering
the negligible increase at each photoreaction after two days (~50 hours), the photoreaction
seemed to be inhibited in the course of time. At present, the deactivation of the Co complex
seems highly probable as the color of the Ru complex did not change. The coordination of
CO to the Co complex is speculated as one possible cause. However, this intermediate
should not be so stable that the deactivation was temporary and resaturation or replacement of
the reaction system by fresh CO; allowed iteration of the reaction.

When a granular type of Nafion, NR50, was used, smaller amounts of gases with higher
CO selectivity (CO/H; = 1.2) were formed by photoirradiation and the lifetime of the system
became shorter (Run 3). Another type of cation exchange polymer, Amberlite IR-120, was

not so effective for CO formation but the selectivity was much higher (CO/H; = 5.5) (Run 4).



When Co[(bpy)s]*" was fixed to Nafion, however, neither CO nor H; was produced (Run 2).
Comparison of Runs 1, 2, 5, and 7 shows that fixation of Co[(bpy)s]*" was ineffective under
the present experimental conditions. Because the interaction between the Ru and Co
complexes should be almost the same for Runs 1 and 2, we suppose fixation of the Co
complex drastically reduced the rate of interaction between [Co(bpy)s]” and CO,. Obviously
that further spectroscopic and electrochemical analyses are necessary.

From the present results and the discussion by Ziessel et al. [1b], the following reaction
feature was concluded: "Ru'" species was not quenched on cation exchange polymer for a
certain period when electron transfer could effectively occur from the photosensitizer to
Co[(bpy)s]*" in solution. It was also shown for the first time that a large amount of CO was
produced by repeated use of the photosensitizer. On the other hand, fixation of the Co
complex was not effective. Elucidation of the mechanistic feature and the state of the Ru

complex on ion exchange polymer are currently being investigated.

4. Conclusion

In the present study, it was found that the polymer-based photosensitizer was easily
prepared from Ru polypyridine complex and Nafion membrane, cation exchange polymer,
while [Co(bpy)s]** was necessarily dissolved in the reaction media for catalytic CO;
photoreduction. The present system allowed easy handling and recovery of the Ru complex
including repeated cycles using CO, refreshing. As a result, production of CO (TN = 8.3)
was largely improved for the partially heterogeneous system. The prolonged lifetime would

be owing to suppression of the decomposition of the Ru complex fixed on polymer surface.
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Figure Legends

Fig. 1. Emission specra of Ru(bpy):** adsorbed to Nafion 112.

Fig. 2. Schematic of partially heterogeneous CO, photoreduction.

Fig. 3. Time dependence of CO; photoreduction of the partially heterogeneous system (Run

1 in Table 1).

Fig. 4. Time dependence of the CO2 photoreduction by the homogeneous reaction system
(Run 6 in Table 1).
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PHOTOCATALYTIC REDUCTION OF CO, BY Co(bpy);%*
SENSITIZED BY Ru(bpy)s;** FIXED TO CATION EXCHANGE
POLYMER

Yoshihito MAENO, Takuji HIROSE, and Yuichiro HIMEDA "
Department of Applied Chemistry, Faculty of Engineering, Saitama University,
255 Shimo-ohkubo, Saitama, Saitama 338-8570, Japan
' Photoreaction Control Research Center, National Institute of Advanced Industrial Science and
Technology, AIST Central 5, 1-1 Higashi, Tsukuba, Ibaraki, 305-8565, Japan

About 20 years ago, Lehn et al. reported pioneering work on photocatalytic CO; reduction using
metal polypyridyl complexes,’ which has collected increasing interest of many reaserch groups.>”
One of them is composed of Ru polypyridine complex as a photosensitizer and Co polypyridine
complex as a reaction center in a homogeneous organic solution. This system is quite interesting
and important because visible light (A>400 nm) can be used as energy source. In order to explore
the possibility for its practical application, we studied development of the homogeneous system to a
heterogeneous one by fixing the metal complex(es) to a solid support. Here we report some
preliminary data on a system, where Ru'l(bpy)s** was fixed to ion exchange polymer,® while
Co'l(bpy)s** was dissolved in a mixture of DMF and triethanol amine (TEQA), a sacrifice agent,
under CO, atmosphere.

The photosensitizer was fixed to

perfluorinated ion exchange membrane, @) @) : Co(bpy);**
Nafion 112, and was fed to the photoreduction @): Ru(bpy)s*

system in the literature’ under modified ' @)

conditions. The photogeaction was carried \h"\i"\ @ CTO

out by use of Ru'(bpy);*" (15 pmol) fixed to —_~

Nafion 112 (50 mg) and Co'(bpy)s** (15 @) @) Q) k@

umol) in CO, saturated DMF-TEOA (4:1, 30 Nafion membrane

ml) under CO, atmosphere using a Xe lamp.

Catalytic photoreduction of CO, was observed  Figure 1. Photocatalysis model by using the fixed Ru complexes.
in the heterogeneous Ru-Co system for the
first time. CO (20.0 pumol) and H, (50 pmol)
were produced during the first irradiation in 2
d (Fig. 2). The amount of the evolved CO was
about half the hamogeneous system (Run 6 in
Table 1) but the CO/H; ratio increased from
0.2 to 0.4. In order to examine the durability
of the complexes and TEOA, the
photoreaction was repeated as follows; After
the gaseous ingredients were removed under
sonification, the system was saturated by CO;
again and was then irradiated with no other
changes. As a result, it was shown that 6
times of recycle, more than 400 h, of adistion e /oy
photoirradiation was possible in the present
system as seen in Fig. 2

Figure 2. Generation of CO by photoreduction of CO, (Run 1).



Table 1. Generation of CO and H; by photoreduction of COz.f)

Cation exchange Fixed complex Reaction CO H,
Run A CO/H,
.polymer/ mg / ymol time"/h / pmol (TN)

1 Nafion 112/ 50 mg Ru'(bpy); / 15 pmol 404, ®° 125(8.3) 276(184)  0.45
2° Nafion 112/ 195 mg Co" (bpy)s / 114 pmol 22, (¢ -

3 Nafion NR50 / 669 mg Ru" (bpy); /15 pmol 166, @ 36 (2.4) 23 (1.5) 1.6
4° Amberlite IR-120/ 19 mg Ru" (bpy); /15 pmol. 99, @  36(24) 6 (0.4) 6.0

Il
54 Nafion 112/ 100 mg Rulbpy)s /15 pmol& o o 5517y 21(14) 12

Co" (bpy)s / 15 pmol
6 - - 195, &  93(6.2) 236(157)  0.39

a) Total irradiation time at the first reaction and all recycled reactions when applied.

b} Co complex (15 umol) was dissolved in DMF / TEOA (4/1, v/v) (30 ml).

¢) Ru complex (15 pumol) was dissolved in DMF / TEOA (4/1, v/v) (30 ml).

d) The mixed solvent was changed for each irradiation.

e) Control experiment. Both Ru and Co complexes were dissolved in DMF / TEOA (4/1, v/v) (30 ml).

f) All reaction was carried out by using certain amount of Ru complex and/or Co complex in DMF/TEOA (4/1, v/v) (30 ml) soln.
saturated with CO,. Irradiation was carried out with a Xe lamp (Ushio UXL500D-0). Co(bpy);Cly: CoCly6H,0 / bpy = 1/3 (in
situ). CO and H, were detected by GC (Hitachi 263-50, 3 mm x 5 m activated charcoal column, at 70°C using Ar as the career gas).
g) The number of All reactions.

and bproduction of CO and Hj; in a single run became more efficient (Run 1) than those reported
previously.’ From the results and the mechanistic discussion by Ziessel et al. ¢ "Ru species is not
quenched on ion exchange polymer for a certain period when electron transfer occurs from the
photosensitizer to Co"(bpy);** rather effectively. '

In the present study, it was found that polymer based photosensitizer was easily prepared for CO;
photoreduction from Ru polypyridine complex and cation exchange polymer and production of CO
(TN = 8.3) was improved by the repeated use. It would be applicable not only for the
intramolecular heteronuclear complex systems>®> but also for other photoreaction systems using Ru
complexes.

We will also discuss the Ru-Co multinuclear complex in homogeneous and heterogeneous system
in this poster session.
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PHOTOCHEMICAL CO; REDUCTION MEDIATED BY RUTHENIUM AND
COBALT POLYPYRIDINE COMPLEXES IN COMPRESSED CO,

| Atsushi FUSHIMI, Yoshihito MAENO and Takuji HIROSE
Department of Applied Chemistry, Saitama University, 255 Shimo-ohkubo, Saitama, Saitama,
338-8570, Japan

We have been working on new CO; photoreduction systems using Ru-Co intramolecular
complex” and polymer supported systems.? In the former system, we obtained higher CO / H;
ratio in spite of low reaction rate. In the latter, we achieved longer lifetime of the complexes.
Considering those results and the proposed reaction mechanism,” increase of CO, concentration in
the reaction system should be preferable for higher conversion and CO / H; selectivity. Here we
report a high-pressure two-phase system using compressed CO; and organic solvents.

We have designed a reaction cell to apply CO; to 25.0 MPa and temperature to 200 °C as shown
in Fig.l. Ru(bpy);Cl, (1) and Co(bpy);Cl, (3) were used as a reference” system and
Ru(4,4’-t-Buy-bpy);Cl; (2) and Co(4,4’-t-Buy-bpy);Cl; (4) were expected to have good
compatibility with organic solvents, (bpy)Ru(phen-C,Hs-phen)Co(bpy),PFs was an intramolecular

- system.

Photoreduction was carried out by using certain amounts of the Ru and Co complexes or the
dinuclear Ru-Co complex in DMF / TEOA (4 / 1, v / v) soln. saturated with CO,. The reaction
mixture was exposed to CO, for 20 min and the solution was transferred to the high-pressure
photoreaction vessel under CO; atmosphere.  Liquid CO; was pour into the vessel and the
temperature was raised to 70 °C to realize the supercritical conditions of COx. Irradiation was
carried out by a Xe lamp (Ushio UXL500D-0) and with IR (> 750 nm) and UV (400 nm) cut-off
filters (HOYA HASO0 and L39, respectively) when the reaction of Ru-Co dinuclear complex. After
photoreaction, the reaction vessel was cooled to r.t. and the gaseous components were released to
the gas sampling case (294 ml). Gas sample
was taken out with a gastight syringe from the

gas sampling case. CO was detected by ac
FID-GC (Shimadzu 263-50, 2.0 mm x 4 m ’
SHINCARBON T column, at 200 °C using N, __.II
as a career gas) with Methanizer (Shimadzu coabotte ‘"‘3"°metef 4o sampiing case

MTN-1). The amount of produced H; as a ./
by-product, was detected by TCD-GC (Hitachi

™o

263-50, 3 mm x 5 m activated charcoal column,

temperature controller "
photoreactions vessel Xenon lamp

at 70°C using Ar as the career gas). . _ , ,
Figure.1 High pressure photoreaction equipment



Table 1. Generation of CO and H, by photoreduction of CO;,

Run  Complexes® Conditions Irradiation time  CO/umol (TN) CO/H,
1 1&3 70 °C, 8.4 MPa, 5.0x10* M 72h 193.4 (78.6) 22.52
2 2&4 70 °C, 9.0 MPa, 5.0x10* M 48 h 99.85 (40.6) -
3 5 70 °C, 8.4 MPa, 3.0x10* M 71 h 95.61 (63.7) 10.24
1) 1 : Ru(bpy);Cl,, 2 : Ru(4,4’--Bu2-bpy);Cl,, 3 : Co(bpy);Cls, 4 : Co(4,4’-t-Bu2-bpy);CL,,5 : (bpy),Ru(phen-C,H,-phen)Co(bpy),PFs.
Each CO and H, peak was identified by =
comparison of the retention time with that of 20E-04

a standard gas (GL Sciences) and was
quantified using the working curves which
were obtained using standard CO and H, gas
in advance, respectively.

Table 1 shows the results of photoreactions
with several complexes. It was indicated
that CO selectivity was very high in the

50E-05

photoreactions in all complexes and 1 & 3 0.0E+00 ,
gave the highest efficiency. The 2 & 4 0 20 40 60 80

Irradiation time / h

system gave lower efficiency than that of 1 & Figure 2. Generation of CO by photoreduction of CO, (run 1).
3 and 2 having 4,4’-t-Bu-bpy showed weaker
emission spectrum. It is expected the excitation energy of 2 decays faster than 1 due to thermal
motion of the substituents.

Fig. 2 shows the time dependence of CO production. It indicated that no CO was formed after
48 h irradiation and CO, photoreductions in compressed CO, was faster and more efficient than that
under atmospheric pressure. It is suggested that increasing of CO, concentration in organic
solvent encourages its coordination to Co complexes and, as a result, CO / H, ratio was improved.

In summary, we have developed a high pressure equipment for supercritical CO; conditions.
High efficiency of CO;, photoreduction was obtained in a two-phase system of compressed CO, and

organic solvents.
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SYNTHESIS AND SPECTROSCGPIC STUDY OF Ru(II)-Os(II)
MULTINUCLEAR COMPLEX CONNECTED WITH ETHYLENE-LINKED
BISPHENANTHROLINE

Tomohisa MIURA, Akihiro TUKAMOTO, Takuji HIROSE, Kazuyuki KASUGA
and Nobuko KOMATSUZAKI

Saitama university, 255 Shimo-ohkubo, Urawa, Saitama 338-8570, Japan
National Institute of Material and Chemical Research, 1-1 Higashi, Tsukuba, Ibaraki,
305-85635, Japan

From the concern to our environmental and energy problems in the near future, efficient
utilization of solar energy collects large attention. Photoactive organo metallic complexes are one
candidate of photoenergy conversion devices. They are especially interesting as molecular
catalysts because of their potential ability to convert solar energy to chemical energy. Appropriate
assembly of photoactive metal complexes seems promising for photoenergy conversion. From this
view point, appropriate assembly of metal complexes has been widely investigated. In this study
we report the synthesis of Ru(II)-Os(II) multinuclear complexes, Ru(II)-Os(II) and Ru(IT)-Os(II), as
well as each mononuclear component in order to understand the relationship of their photochemical
and/or photophysical properties and their geometries.
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In order to achieve fast and efficient energy transfer, we chose a dimer of phenanthroline 2 as a
short bridging ligand. 4-Methyl-1,10-phenanthroline (1) and 2 were synthesized according to the
reported procedures."” Complexation of 2 with M(bpy),Cl, (M=Ru,Os) provided each 3 and 4.
These are building blocks of multinuclear complexes and play an important role on the following
synthesis and spectroscopic measurements. The Ru(II)-Os(II) binuclear complex 8§ was directly
synthesized from 3 and Os(bpy),Cl,.  On the other hand, Ru(Il)-Os(Il), tetranuclear complex (7)
was prepared by using divergent synthetic method. To begin with, treatment of RuCl,*nH,0 and
DMSO afforded Ru(dmso),Cl,.”> Compound 6 could be prepared from Ru(dmso),Cl, and 2
because of the high reactivity of Ru(dmso),Cl,. Finally, compound 7 was synthesized using
similar conditions for 5.

The luminescence spectra of complexes was recorded with a nitrogen gas bubbled acetonitrile

solution at room temperature.
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Fig.2 Emission spectra of [3+4] in GHsGN.

Fig.1 Emission spectra of 3,7, (2.0x10°M) and s 3
[3]=2.0%10"M. [4]=6.0x10° M. Excitation at 470nm.

4 (6.0x10°M) in CH:CN. Excitation at 470nm.

The emission spectra of each metal complexes prepared, 3, 4 , and 7, are shown in Fig.1. The
spectra of 3 and 4 showed well-known feature. The comparatively high emission intensity of 3
seems to be the emission from the Os(Il) units with large increase of intensity. Apparently efficient
energy transfer was realized from the Ru(Il) to the Os(Il) units. Fig.2 shows the emission of the
mixture of 3 and 4 at the same concentration conditions of the Ru(Il) and the Os(II) units as that of
7. Two emission peaks clearly indicate that little energy transfer occurred between 3 and 4. A
tetranuclear outward energy-migration system was realized and almost the same methodology is
expected to work for the inward energy-migration, that is so-called ‘light-harvesting’.
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Multinuclear complexes, which consist of chelate ligands and transition metals, attract great
attention for the fundamental study of photoinduced energy and electron transfer.  In particular
heteronuclear complexes of Ru(II) and Os(II) were investigated a great deal because of the Ru(Il)—
Os(Il) transfer of electronic excitation energy. Most of the complexes studied are, however,
species having only one or two metal centers. In this study, we report the synthesis of
multinuclear complexes containing Ru(Il) and Os(II), Ru(ll)-Os(II), Ru(II)-Os(Il); and Ru(II);-
Os(II) and the relationship of their photochemical and/or photophysical properties and their
compositions was discussed from the results of their spectroscopic measurements.
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The synthetic routes are summarized in Scheme 1. The complexes [Ru“(bpy)zMephen](PFG)2
(Ru) and [Os" (bpy),Mephen](PF,), (Os) were synthesized following the standard procedure. In
order to achieve fast and efficient energy transfer, we prepared 1 as a short bridging ligand.'?
Complexation of 1 with M(bpy),Cl, (M = Ru, Os) provided 2 and 3, respectively. The Ru(Il)-
Os(II) binuclear complex 4 was directly synthesized from 2 and Os(bpy),Cl,. The Ru(Il)-Os(II),
tetranuclear complex 6 was prepared by using the divergent synthetic method, on the other hand,
Ru(ID),-Os(II) 7 was prepared by using the convergent synthetic method. **

Summary of the absorption and luminescence date is shown in Table 1.  All spectra showed the
metal-to-ligand charge-transfer (MLCT) bands in the visible region. In 4, 6, and 7, efficient
quenching of emission from ruthenium moieties and increase of emission from osmium moieties
were observed. The results of excitation lifetime measurements were also indicated the same
phenomenon. Apparently, efficient energy transfer was realized from the ruthenium to the osmium
units. Thus, multinuclear complexes containing Ru(Il) and Os(Il) 4, 6, and 7 featured the so
called ‘antenna effect’. In particular, 6 and 7 indicate on efficient energy transfer in the opposite
direction, respectively; 6 is expected to work for ‘light-diffusion’ system, on the other hand, 7 is
expected to work for ‘light-harvesting’ system.

We thank Profs. T. Ohno and A. Yoshimura of Osaka Univ. for excitation lifetime measurements,
useful discussion, and advice.

Table 1. Absorption and Emission Spectral Date of Complexes in deoxygenated CH,CN

Emission
Absorption®
Compound® ) \ A pne/nM t /ns Lo
A o /nm (& /10'Mem™)

Ru Os Ru Os Ru Os
Ru 450 (1.4) 610 — 840 — 100  —

Os 432 (1.5),479 (1.5) L — 734 _— 50 — 13

4 448 (3.2) 610 734 <5 66 14 27

6 435 (7.3) 610 732 ¢ 4 29 68

7 449 (6.5) 610 720 5 190 2.2 54

*For the abbreviations used, see text. °MLCT absorption measured at room temperature. °Excitation: 460nm (the
isosbestic point of Ru and Os), Concentration: 2.0X10° M, and the values are relative emission intensities per one
metal center in each complexes based on that of Ru. ‘In progress.
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Polypyridyl complexes have attracted much attention owing to their photoactive
properties. Especially, [Ru(bpy),** (bpy=2,2"-bipyridyl) has been widely studied
because of its favorable photochemical properties like a long lived metal-to-ligand
charge transfer or an ability to cause electron or energy transfer reaction easily.

Photoinduced electron transfer reaction is one of the most important photo-processes,
and is the key step in many photocatalytic reactions. This reaction is also observed for
ruthenium-cobalt or ruthenium-nickel binuclear complexes, and it is known that
photoexcited ruthenium emits an electron which transfer to cobalt or nickel
(photoinduced electron transfer), respectively. For example, Komatsuzaki et al. used
both Ru-Co and Ru-Ni dinuclear complexes as a photocatalyst for reduction of CO, to
Co.»

In most cases, in the complexes used for such reactions, metal ions are coordinated
by six nitrogen atoms which are involved bipyridine, terpyridine, phenanthroline and
so on. When all coordination sites of metal ions are filled, however, enough reaction
site is not available or insertion of substrate to the complexes causes dissociation of
ligand. .

The complex coordinated by five nitrogen
atoms like 1 is expected to increase
reaction efficiency or restrain ligand
displacement reaction because 1 has a
possibility that a substrate coordinates to
the site X. We are planning to prepare the
Ru-Co dinuclear complex 1 coordinated by
five nitrogen atoms in order to observe its
photochemical properties.

We chose a dimer of terpyridine 2 as a short bridging ligand and synthesized
according to the reported literatures.?'® (Scheme 1)
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In order to obtain target complex, we prepared ruthenium mono bipyridine complex
3.(Scheme 2)
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From now on, we are going to synthesize the target complex 1 following Scheme 3
and evaluate its photochemical properties and ability of CO, reduction.

2 secnoaan-s >[Ru(bpy)(Cl) (tpy- tPY)](PFs) ---------- »[Ru(bpy)(CD)-(tpy-tpy)-Co(Cl);](PFy)

SRETHG »[Ru(bpy)(CD-(tpy-tpy)-Co(bpy)(CH](PFy),
Scheme 3
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Polypyridyl complexes of ruthenium have attracted large attention in the photochemical field
because of their photoproperties like long lived photoexcited state. Many kinds of Ru complexes
have been synthesized and characterized using various bidentate and tridentate ligands such as 2,2’-
bipyridine (bpy) and 2,2':6°,2”-terpyridine (tpy). Recently polynuclear complexes have been
prepared from Ru mononuclear complexes having bridging ligands and other metal ions. Some
hetero-polynuclear complexes cause energy or electron transfer upon irradiation of visible light.
For example, the Ru-Os polynuclear complexes coordinated by polypyridine ligands show
photoinduced energy transfer from Ru to Os centers. Most of such complexes reported in
literatures are coordinated by six nitrogen atoms of bpy- or tpy-type ligands to each metal centers.

However the Ru-Os binuclear complexes coordinated by five nitrogen atoms of bpy- and tpy-type
ligands have not been reported. The transition metal complexes including an empty coordination
site seem interesting because these site can be used for further modulation of their photochemical
and/or electrochemical properties. We report synthesis and characterization of Ru-Os binuclear
complex coordinated by five nitrogen atoms to each metal centers.
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The Ru-Os binuclear complex was prepared as shown in Scheme 1. Bridging ligand tpp, and
the mono bpy complex 2 were prepared according to the reported methods."”  From tpp and 2, the
complex 3 was prepared, thus 4 and 5§ were prepared in order.

The absorption and emission data of the complexes 3, 5, [{Ru'(bpy)Cl},(tpp)I(PFy), (6),
[{Os"(bpy)Cl1},(tpp)I(PE,), (7), and [Ru"(bpy)(tpy)CI](PF,) (8) are presented in Table 1. For all
complexes, weak absorption bands were observed in the region between 430 and 460 nm. Also
absorption bands were observed at 510 nm for mononuclear complexes 3 and 8, and at 600 nm for
binuclear complexes §, 7, and 9. We ascribed the bands in the region between 430 and 460 nm to
M(dn) — bpy(n*) transition, and at 510 and 600 nm to M(dn) — tpy(n*) and tpp(n*). These
lower energy MLCT bands at 510 and 600 nm, are caused by the longer conjugated system of the
tridentate ligands than of bpy. The difference between monometalic and bimetalic complexes is
caused by the steric crowding between the hydrogen atoms in the 3-position of pyridyl rings in tpp.
Therefore, M(dn) — tpp(n*) of 3 occured at the same wavelegth as M(dn) — tpy(n*) of 8.

The emission of the binuclear complexes, 5, 6, and 7 by excitation at 600 nm is observed at
892-894 nm. The Ru(dn)- tpp(n*) energy gap is quite similar to Os(dn)-tpp(n*), which seems a
characteristic of binuclear complexes using tpp as a bridging ligand.

Table 1. Absorption and emission data of Ru(II) and Os(II) complexes.

Absorption* Emission®

Complex Amax / M (assignment) Amex / N (excitation / nm)

L(R(bpy)Cl) 1) (Os'(opy)CI}IPF, 448 (M—bpy CT) 893 (450, 600)

600 (M—tpp CT)
[{Ru"(bpy)C1},(tpp))(PF), 434 (Ru—bpy CT) 851 (430)
6 601 (Ru—tpp CT) 892 (600)
[{Os"(bpy)Cl}(tpp)}(PFy), 460 (Os—bpy CT) 688 (460)
7 600 (Os—tpp CT) 894 (600)
(Ru'(bpy)(tpp)CI1(PF,), 430 (Ru—bpy CT)
3 508 (Ru—tpp CT) 745 (500)
[Ru'(bpy)(tpy)CI](PFs), 442 (Ru—bpy CT)
8 510 (Ru—tpy CT) 760 (510)

*MLCT absorption and emission measured in CH,CN at room temperature. The concentration of
the samples were 1.0 x 10° M except for 5 (1.0 x 10* M).

1) H. A. Goodwin and F. Lions, J. Am. Chem. Soc., 81, 6415 (1959).

2) H. Ishida er al., Abstruct of Forum of Photochemistry of the Coordinated Compounds, Urawa,
1999, p. 93.

3) R. A. Krause, Inorg. Chim. Acta, 22,209 (1977).
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Recently environmental concern is growing worldwide and fossil fuel like crude oil is said to be
exhausted in some forty years. A lot of researchers are studying these issues in various fields.
Solar energy is a promising alternative energy as it is limitless as well as clean. Ultilization or
conversion of solar energy is one of the most important research field for new energy source
development.

Photoinduced electron transfer of organo-metallic multinuclear complexes collect large attention
as they can be used as photoenergy conversion catalysts to reduce CO,. In a multinuclear complex

3
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Dioxane/H,0 %
85%
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= [Ru(I)(bpy),phen-(CH),-phen](PFy),

5

ii) satu.KPF¢aq bpy: 2,2’-bipyridine

phen: 1,10-phenanthroline
Scheme 1



system, a bridging ligand is one important component which connect metal ions, because it
influences interaction between metals and affect electron transfer rate. We have synthesized a Ru-
Co dinuclear complex using a ethylene-linked bisphenanthroline bridging ligand and studied its
photoinduced CO, reduction ability.” Here we report the synthesis of a new fully conjugated
analog and a Ru mononuclear complex in order to improve photochemical properties of Ru-Co
multinuclear complexes.

Compound 1 and 2 were prepared according to the reported procedure.” Starting from 2, Wittig
reaction was attempted to synthesize 4 under various conditions. However almost no product was
obtained probably because of low solubility of 2 as well as a large steric hindrance between two
phenanthroline rings. According to the literature, therefore, aldehyde 2 was reacted with lithiated
1 to obtain 3 and 4 was also obtained as a byproduct as seen in Scheme 1. Dehydration of 3 also
gave 4 in a good yield.” (FAB-mass: m/z=385)  Ruthenium mononuclear complex was prepared
in a usual manner.
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Multinuclear complexes, which consist of chelate ligands and transition metals, attract great
attention for the fundamental study of photoinduced energy and electron transfer.  In particular
heteronuclear complexes of Ru(1I) and Os(Il) were investigated a great deal because of the Ru(Il)—
Os(Il) transfer of electronic excitation energy. Most of the complexes studied are, however,
species having only one or two metal centers. In this study, we report the synthesis of
multinuclear complexes containing Ru(II) and Os(II), Ru(I)-Os(II), Ru(1l)-Os(II); and
Ru(II);-Os(II) and the relationship of their photochemical and/or photophysical properties and their
compositions was discussed from the results of their spectroscopic measurements.
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The synthetic routes are summarized in Scheme 1. The complexes [Ru”(bpy),Mephen](PFs),
(Ru) and [Os"(bpy).Mephen](PFs), (Os) were synthesized following the standard procedure. In
order to achieve fast and efficient energy transfer, we prepared 1 as a short bridging ligand."?
Complexation of 1 with M(bpy),Cl, (M = Ru, Os) provided 2 and 3, respectively. The
Ru(I)-Os(Il) binuclear complex 4 was directly synthesized from 2 and Os(bpy),Cl,. The
Ru(ID)-Os(Il); tetranuclear complex 6 was prepared by using the divergent synthetic method, on the
other hand, Ru(Il);-Os(II) 7 was prepared by using the convergent synthetic method. >*

Summary of the atsorption and luminescence date is shown in Table 1.  All spectra showed the
metal-to-ligand charge-transfer (MLCT) bands in the visible region. In 4, 6, and 7, efficient
quenching of emission from ruthenium moieties and increase of emission from osmium moieties
were observed. The results of excitation lifetime measurements also indicated the same
phenomenon. Apparently, efficient energy transfer was realized from the ruthenium to the osmium
units. Thus, multinuclear complexes containing Ru(Il) and Os(Il) 4, 6, and 7 featured the so
called ‘antenna effect’. In particular, 6 and 7 indicate the efficient energy transfer in the opposite
direction, respectively; 6 is expected to work for ‘light-diffusion’ system, on the other hand, 7 is
expected to work for ‘light-harvesting’ system.

Table 1. Absorption and Emission Spectral Date of Complexes in deoxygenated CH;CN

Absorption” Fmission i

Compound® % wadnm 5 /10 Mom™) A max/nM T /ns Leel”
Ru Os Ru Os Ru Os
Ru 450 (1.4) 610 — 909 — 100 —
Os 432 (1.5),479 (1.5) — 734 — 57 — - 13
448 (3.2) 610 734 <1 68 14 27
6 435 (7.3) 610 732 ¢ d 29 68
7 449 (6.9) 610 720 <1 208 22 54

*For the abbreviations used. see text. °MLCT absorption measured at room temperature. °Excitation: 460nm (the
isosbestic point of Ru and Os), Concentration: 2.0 X 10° M, and the values are relative emission intensities per one
metal center in each complexes based on that of Ru. %In progress.
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V7B A EDORIEERBER THIEBEALBONEno7, #F2T TMEDA 2AWNWTTAF
NMIFULADRIGHEZRD, SHOIKMEROI VT PIVLEMAZZ L TERIIRILE, B
T4 ZRANTAT = L #EEKOERETTo7T2, ZERBHAKT., BRO 4 28025 /) —LEE~
Ru(bpy),Cl, DA ¥ / —LEEEME AN D 6 BMMMBBHK L, BohElMmE CIO,PEL LT
Frif&e § 2%, 5%. § & Os(bpy).CL 28 n—BuOH Wi 2 MBBH L, Boh-LERY%
PF, OB E L THHERE TAT = ALA—FRI T AZE#EK @8 ZERL., mXAL7 b, BHEE
FMOHMEZEET - TV TFETH 5,

[£%3#] 1) Peter Belser, et al.,Tetrahedron,Vol.52,No.8,pp.2937-2944 (1996)

2) J-M Lehn and Raymond Ziessel, Helvetica Chimica Acta,Vol.7,1511-1516 (1988)
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(B8] A= RX—ZFET D 0OERRIER, IBAITONTETWS, £OHIT, HOR, HHPEDTF
NR—E T DRESIEFF S I FRUDTEAE. BB F7 731 X (Photochemical molecular device :
PMD) OHERH 2, RY EY P2 Ru—0s %SBEEAIL. SRURT S Ru L EORMETRNAF—E5ZTERY
HHEFET S Os B TLTEND 2 0DGBP LA RS DT RN —EERE T DD VBT L D DR
NT3, Ll Ru—0s BOTRNF—BBOMBIIRZICH L BRI TRL Y, FICERAF2 5 i L
TRZOWTIEH T VBRI TV, ZZTARETIL, 2,3,5,6—F FIXFR(2'-EUIWVEITV (tp
p) 1 2RIV VEER S B ONT =D LA AI T A0SR a5 LItk L,

[FHERUORR] %#7°2,3,5,6—T hIFR(2'-¥UIWVYETYY (tpp) 11 o~ FA2 LERT
VESULER 1ISCCTIBT AL ICE DAL Y ’

_ N |
o N N S
O - |
O OH I = N oS
=N N =
2 1
Schemel. a)CH3COONH4, refl.

—%. FEEETHS HRubpy)Cl,] 413 RuClynH,0 &2, 2'—EEUI (bpy) 3% 1N HCl #1 0 B
LTARLE 2 ROTCERID 1 0¥ ) —/VEIICIERHRAL T, 4 DA% $->< VT L TRu BB8HE 5
2157, Ru—0s “BBEA61L, KRIZ K, [0sCl, JODMF BRIZ, NEBNEHT L2235 5 ODMF RREE F L TSR L

7o, BEIZ. BETTFL LY a—Uf bpy 3 ERUSEET (Rulbpy) {(tpp)0s (bpy)C1}C1] Cl, 7 #ERTEDTF
ETH B,

RuClyrnH,0 + ¢ N
=N

Scheme2. b)IN HCl «¢)tpp, EtOH, H30, refl. d)Ky[0sClgl, LiCl, DMF, refl. e)bpy, HOCH;CH,0H, refl.

BERRTAOR LAY, BB TEATHENT R Z e N TE TV, FHZ H[Ru(bpy)Cl,] 4 ASIAAREIME<
RO NI VMBI TH B, £ T, RuCl,y-nH,0 & 1 2EERE SEREREEL SRR RA N, AL
LT [Rultpp) 5] ClLAYERLTLE o7, INBH LS HIET, SBEOBMELBRRTT D FETHD, 2B, 1 RT
4~6 OREDERIL, 'HNMRBHAVVIF AB—MAS SIZL VR

[Z53])

1) H A Goodwin and F.Lions, J.Am Chem. Soc. .81, 6415-6422 (1959).
2) R A Krause, Inorg Chim Acta, 22, 209-213 (1977).
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(Ef9] ATIHI72 PMD (Photochemical Molecular Device) % N 083 (bpy);
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FFRICETIEEEEEZ R ORISR ICHEROM
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(2) & 3-buten-2-one % Nal A 7FE T, 70%H,SO, P THES & o
HA3Z LIV BHITRAIF OME L 725 4-methyl-1,10-phenanthroline (3) BEL N, P W\ Tdry
THF T3 2V F AL, RRZEAIFILICLVRBITEMLTTHD 4 BEBONT, P Zhiid
Bz, 5AEEL-DMSOFTC7oMMMEBKTELizLy, 628, Y4LexFL 7Y a—
AT 2 EEMBGRIET A Z L k- THBEEE () #8872, 36127 & Osbpy),Ché®2=FL 7Y
a—/LETC 1k, MBBETAIZLIZE-oT4B8EE (1) 2687,

Boni 4 K (1) ©20X10%moll D7 & b= F Y ALEBEBEEED | BEEE 470nm THEIE R~
hEBIEL,

Ha
T0%H.S0, {LDA 2)Br.
Gy Lemmsom COX™ i o COCTLY
2 3 4

RuCl3 - NHz0 — R4 o Ru(dmso),Cla
5 ]
G LD + RumsolCh ez RU(BLISIPFo) sosszssrs IRU(BLIOS(RYKI(PF ol
4 6 : 7 1
Scheme 1 BL:Bridging Ligand (4)
[REEZR] Ru-Osd BEEEDOENERRT bV 4 s
DBEZKLRIIFigl DL I Thotz, 4 BED v 609nm,323
ARZ MAMEW DL RERTHY, Zhix 3 3t

Ru(BL)(bpy), $&#k. ¥ &L T Os(BL)(bpy), #&k &

DHBHLHALNZE S IC, RaMBIRLA=ZF 31 i T 19

A E— s BB TV B D Lot &

7=, Fig.2 2 Ru 3 X 18 Os Bigi#htk % Ru-Osyd T ‘

B L A BRI LTRER RS MABREL o )

ERRTHD, JORRPL, NIZBIBRur E;‘c:.n] e Ffz’z L w:p..e.’n“;.;mf]: o
~ _ y . ig. i miesion spectra of the mixture

oo eaman, O eEDSEEER. T RRETE

[Z%X#] 1) P.Belser, S.Bernhard, and U.Guerig, Tetrahedron, 52, 2937-2944 (1996).

2) J.-M. Lehn and R.Ziessel, Helv. Chim. Acta, 7, 1511-1516 (1988).

3) P.Evans, A.Spencer, and G.Wilkinson, J. Chem. Soc., Dalton Trans., 204-209 (1973).
(RR] =¥, &4, K#E, &8, @ BEFCOE VU RUTALFTE) (1999 2K i)
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RYEY VY Ru KT, TOTIEL LVWESE—FIREOHRBVRIR, BVEBIEFMRE—Z2/FST
EDL HEBEOSHTEERBUVTHS, B4 2 RuSENHRINTETE D B2 2,2-Y PV (bpy)
R LI0-7=F by (phen) 2EDE DR TEEMTF, HBHVT 2,2:6°2"-T ALY TV (tpy) IRED
I RZEEMFERAVTERINTLONRE, ILITIEFETIE, HEDO Ru 1A rHBH0E Ru 14
CLDOBBERA A 2B TEMF TR T EHSEEIC OV TORERRAIITORATE TS, T
DES72 Ru A X E2FUERSBREEDOFITIE, ABEIZK>TZRXAF—HIWVIEFOBBEZEL T
LOMH B, A Ru-0s RY Y DU BEEERIT. RBEIZED Ru A4 UhD Os A A ~TRALF—
BERZEZITILNALNTNS, LALR2RS, ZRETERINTEDIE bpy-H 3V tpy-FZ 14 7D
BT EACTELRTLCERETE 6 BT RS SR bORITLA Y THE, bpy-B LK tpy-#4 7
DEMFOmE 2RV T-ER 5 BB D Ru-Os ZHEE&RBSEEIL, RIZICBEFRR, Z0L ) REBORN
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o “ne N - tpy-5 1 7ORHPIFRALF & LT 23,56-7 b T %2

N/ \= Q-E U UAET I (pp) AT Ru-Os Ti%sE

Figure 1. The Ru(1)-Os(II) dinuclear complex & [{Ru"(bpy)Cl}(tpp){Os"(bpy)CI} 1(PF), (1) (Figure 1)
coordinated by five nitrogen atoms. PERL, TOXBRPB L OEXOREEIT-=,

(R ]

BOTENLF tpp AV Ru-Os “E88ED A MIL, Scheme | IZRT & I RFETIT7. HILLVT
= A () ZHEBEFREE L, XUE o8k 2 #8ABLT bpy, tpp. Os £ 4>, £LT bpy LHEIZERY
TWol, BPIOERRT 2 #8BA LD, RUClL & bpy LORIEEHIETEENI &L, £/EY
YO UBEORBBEITI L EARE LTS, ZESEE 5§ OERTIZ. BB (150 C) TITOLENH -
Too AR, LTIRBRZEHIZ Os A AV OXBE/MTERMTF tpp OWEOTFICERTILEZ LN
5, Os TEIIFE 6 B THI1D, TDAAVHEERIT Ru A A THNTKREW, £/, tpp FFHEEY Y
NED 3 UOKRRFELERBICLY, T2V EBER LB ENTERY, UL, tpy F470OR
NFIZERA AL 2E0HRL LS IBMREREEHRT 2720, $BETTHE 3 @BOEF LSERALEBE
ELAH5LT D, o T Ru-Os BEW O0s-0s ZHESEAKICBNT, tpp KZHFBORBFLLELT Os £ 2
FERMEEDBRIZ tpp FFITR VKX RELR LA LS, Ru-Ru ZESEE LY b FRICEIT B IERR R
MRERDTED, LY KRERIFIAR—EYELT S,
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Scheme 1
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(RRLER]
RN AR RV
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gk 4 @ UV-VIS RIRARZ
kA% Figure 2 IZFRT, 28TO
$EAIZEB VT, 49 430-460 nm (T
EEOBREAR SN, Ru B
ik 8 THEOEBIIRIRER

- Absorbance (a. u.)

200
Wavelength (nm)
Figure 2. The UV-VIS absorption spectra in acetonitrile solutions of (—)
1[1.0x10°M], (--) 6 [1.0x 10° M], (——)7[1.0x 10° M}, and (—* —)
4[1.0x10° M].



L2 &b b, M(dn)—bpy(n*) M =Ru", Os) Ti3 2\ e X b B, —F, ZE#E 1, 6, 7 Ti3H 600
nm {HEIC, BEEESEE 4. 8 TIZH 510 nm EICRRER LIS, ThODORIRERT, bpy KO bRV
BREATS p BEV py BLF~O MLCT THBZ L RADS, RERLIE, BORBREET 5T

LIZEDEEREERL, TRICED e UEOT XA XF— BT HE 2 DHIT Mdr) BLBE DR
¥—Xy v THNELRBIHEHZIOND, HICHME 4 3, BEZLTW2RWHOLY Y VrEdTR
DEFI AR LTEECAROT, tpy CRBEOKERLAEHRLR, £oT 4 i3, ZB#HEIV Y
FHEMO S10nm 2BV T 8 O M(dn)—~tpy(ns) & F LRINERD M(dr)—tpp(ns) EFRTLEZONS,

- HHEARANRT PV

1. 6. LV 7 % 600 nm OXTHELLEL
EDHEKART PADRERERE Figure 3 IZF
T, 0 3 MO ZESEEIT Ru(dr)—tpp(ne) BHE
IZEY 892-894 nm DERERLIE, TOBKR
R INOEREBRART MNAOERLY,
Ru(dm)—tpp(n+) =X ¥— ¥+ v 7id Os(dn)—
tpp(n*) EIZIER L TH D LNHNnB, Thid,
Brewer AN L ¥ tpp M0 EALF 2R |
# 6 BIEID Ru-Os kLB LTH D, €~ 880 890 . 900
T, EOBRMY A FEFOER 5 BLO Ru-Os Wavelength (nm) ,
TISER TG, tpp DAFMEIRIFRNTWSHS L EX  Figure3. Tﬁe emission spectra in acetonitrile solutions of

- % €)1, ()6, and (+)7.
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ERHRFIZE VT ESMS OREZ LT K E o7, PRIFIREWFEFTORR FOATI 72 & CIT /MR
BFETICBH T LET,

(8&XM]
1) H. A. Goodwin and F. Lions, J. Am. Chem. Soc., 81, 6415 (1959).
2) FE, M9, Dusan, &, L, ¥ 12 BEMCAHOXIENBS, P-13, 1999, HE
3)(@) C. R, Arana md H. D. Abrufia, Inorg. Chem., 32, 194-203 (1993)
(b) L. M. Vogler, S. W. Jones, G. E. Jensen, R. G. Brewer, K. J. Brewer, Inorg. Chim. Acta., 250, 155-162 (1996)

€
1) M. R M. EE. 8§ 12 BRCAMORILENBS. P06, 1999, HE

L2 I, R R REE, FR. 8 3 EHRET RESHE OLMESRERY VYT AL 2000, %
B (FE)
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W LEBSENRTWS, £, ABRABBREORAX—RE L TIEARRBHIKELRT, BfE, 2HER
TRIVE—DK 0% 2L EBREHIEARETH I8, (LEREHIBY HIRETHO, CO,DBLRREARE
THHb, “OHREBLE XN F—RBEMEOBIERL L THRENIEMEIZ, KBOX—ZRXL¥—%
FALEAIRER AT LD, TNREEHEPOXERICBTIZRL2FERICEE L, TOMREL
ATHIZEBBRLEZY, ABFALES ETHHD0THD,

EFETIL, REREBEOF CLRSHL~DORBHEICHE L, TFMLAH L LT 110-7=F> bo
U BEELBRTERNTF L LTEE RulhOos(I) k& 1, 2 8 X U Ru(I),Os(IN)UEZEEE 3 28T 5 =
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@NHZ Kz 70%HzS0, 4% 6
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2) cat. TMEDA =N N N N~
3) CH;Br), cat. Nal
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n . I
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607 1) M(bpy)2Clp, MeOH, & 7 7 o g:n=3M=Rul y 19%
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n = =
1 7 N NS
1) Os " (bpy),Cl, HOCH,CHZOH, A A=
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Scheme 1.

1. 8K
BRREEE A Scheme 1. IR T, 87 I/ X/ Ve AFAE=AT bk Skraup BRICE VB O 4-
AFN-110-7zFrba)r (8) BYFAL, REEEASER I L THREITERMNTF6 287, "2 i,
JFAE LI SRR DO NN N N-T hTAFLIF L PF7 I (TMEDA) #MATRGHEEZED M
HBOI VT M) LAEEMULAEY TR ET AV EREERDILILL > TBETRMT 7 257,



Ru(IDHEAZSEE 8,9, Os(IDHEZEEK 10, 11 1L, HRITEANLF & Ru(bpy),ClL, 3 & U 0s"(bpy),Cl, DEEFRKIC &
> TE LT, Ru(DHEEEEE L Osbpy),CLZ~F L 7Y a—d 1T0CTRIGH, PF, OEE+T5¢E
T Ru(IOs(I) “KZ8EK 1,2 2 M L7z, b9 —F T, Mk % ST RIS HERREAIETSH 5 Divergent
&Rk, Convergent §AEIE %R FAVNT Ru(ID,Os(IN Ui 3 D&M EF B L, ¥ £, K [OsVCLJiZ 6 &
Ru® (bpy),Cl, % EXBERYIZEENL S & B Divergent SRIEE2RALN, BERY TH D 4 BRI{LEYMESETH D
ENTERMoT, £Z T Scheme 1. IZFRT X 5 72 Convergent B HRIEZTT 272, K,[0sVCl}& Ru(Il)BiizsEx
8% 1:30FRETRIEEHT (Convergent GFKIE)., 3 L MO FHA XOBVMHERI < hsS5 7
4RI TR 3 2/BHILNTER, BRIBMUTF L EH/EOREIX. 'HNMR, ES-MS 2k -
T/,

2. BEEIZEIT D UV-Vis RIL A7 kL

UV-Vis RIRZART hb, MHEANT PABIUBEFEMORMEIZLSNT, EBRT2HEMLUEATY 7L
-EBR7TEr=bbIAEERKELUTERLL,

xtBRgHk & L T[Ru"(bpy),MePhen](PF,), (15), [Os" (bpy),MePhen] (PF,), (16) % & 7= &#ED UV-Vis KUY
ARY DT —H % Table 1.IZTT, STO#HEKICEWT, BUFO2z— 2" BRICHY TRV FE
MLCT (Metal to Ligand Charge

Transfer) {ZFA Y3 23RN/ Table 1. Absorption Spectral Date for Complexes in deoxygenated CH,CN?
FRR G-, MLCT (24 Compound Absorption
T HWUNIE, 450 nm fHE & B P ___Amax/nm(e X10*/M'cm”)

. 1 267 (11.0) 288 (12.2) 444 (3.09)

bg

i?&ﬁoﬁjﬁ'@‘i &b‘i):: x 2 267 (11.3) 288 (12.3) 445 (3.00)
R P OBRITE 3 267 (278) 285 (22.3) 449 (6.99)
EZAICHY, KBTTEE: 15 264 (5.63) 286 (5.81) 448 (1.46)
ECHATE 3, 16 266 (5.50) 289 (6.46) 432 (1.45) 479 (1.47)

* All measurements were carried out using 1 X 10? M of complexes at rt.

3. BHEICBITDEIEARY FAB L UBEFM

LUTIC, BEEDHNANS FABIURBEFMEZRT, (Table 2) 2FB. HIEANT MAORIEICE
T, ZEEREED Ru HLL Os BrRBEME IR D702, MBHEETHD 15 L 16 OHERINS
(460nm) ZRHEERICRE L, 72, EHEOBERINARZ M oREFMERE L,

Table 2. Emission Spectral and Excitation Lifetime Date for Complexes in deoxygenated CH,CN

Emission Excitation Lifetime
Compound A e / MM L t /ns

Ru Os Ru Os Ru Os
1 610 734 14 27 <5 66
2 610 734 1.7 33 <5 63
3 610 720 2.2 54 5 190
15 610 — 100 — 840 —
16 — 734 - 13 — 50

a) Excitation: 460 nm (the isosbestic point of 15 and 16), Concentration: 2.0 X 10 M, and the values are relative
emission intensities per one metal center in each complexes based on that of 15.

15 & 16 DH AR FARIEICL Y, RuP— n*MLCT 226 DHFOBRERIL 610 nm, Os"— n*MLCT
POORKDERERIZ T34 nm THEZ LAbhrots, ThiF, FFHICRuIDE Os(IDEZELEHLBHE
12 3CBVTHLALNDARS MLTHD, LirL, Table2 b bBILMR L IIZ15, 16 &L 1, 2,
3 DEKDOHRBEITIZHA LB BH o1, DF 0, Ru(D)-Os(I)BEE&BHEE 1. 2, 3 i3, Ru(Dssk



15, Os(IDSEMA 16 & LB L T Ru #H{II 5 DB KA 2 %RTEICHA L, Os BAIA 5 DR KRB A L 7=,
E-BEFMOLETYH, RulD-Os(INBiE&MmeEE 1. 2. 3. Ru BALA O DRYEFMA 840 ns 225 5 s
BRI 720, Os BN L OREBMVEL 2ok, ULORERERS» LA L Rull)-Os(BiEe
BssEid, FRAEZR L Ru SIS Os FHI~KBBZ XA ¥—BEEZEZ L, BBLz R ¥— |2
E»T Os LOREEMIGE, ENBENWMLILZELIONS,

4. Ru(ID#&{k 15 & Os(IDEE{E 16 DIBRSBIRICHBITAERARS bV
SFHMEEEARRILOICRESBTRI
BITIEHXEARS FARBIELE, —BlIEL

T. Fig. LiC Ru k15, Os $fk 16, L

T Ru(ID),Os(I)MAKSEHE 3 DEH RS kL §12m, 103

LR, £i. Fig 2403 L MERMENE L STt

W (BRRENELY), 15:16=1:3RE _ -

BROERASY bAETTFig LEFig 2. 5™ \rummsao | &

PHBTAL, 15:16=1:3 BABRTIE3 £ E

DE I Ru BLICKITHEEDOKIFEL Os -

B30 5 EEOMMEE 5N, 15, 16 o218
ERUES Y= 2 #RT I ENDRIE, 2 ﬁ,\ |

Db, SEOREREORE (20X - 513.‘?..%2“% (n;‘) - = Wavelength ()

10 M) T ICHETHD, 5 21 .
) 5% " . SFMicw Fig. 1. Emission spectra of 3, 16 9 2. Emission spectra of
SHREERRIZEA LR, Ru(D-0Os(IDB  (2.0x10* M), and 18 (6.0x 104 M) E:} +1g %m ﬁgﬁs?mtedz%m% y
- ind ted CH,CN. = 6.0X10° M, [16] = 2.0X10% M.
ek HEEITRITD KRBT VX —B®) Emﬁ::%ﬂ‘:t.“onm_’ Excitation at 460nm. o
REFATHD T LibRE,

(#®] 1,10-7=Frbul BUFD 4 ZALE 2 @BOAFLUHTORWE Ru(IDOs(ID) ZizéEk 1
& 3 EDAF VST HRVE Ru(IDOs() ik 2 24 L7, 7=, Convergent SRRIEIZL Y,
Ru(ID);Os(INTUiZsEHk 3 28 L. METZ I &N TERL, € LA Ru(D-Os(INB & MeED UV-Vis &
[RANRZ pb, AT b, BERGOBIERER. €L T Ru(IDEEE L Os(IDEEDORETIEICK TS
EHARI MRECHERY L Rul)-Os(INEXEBEEIFFARBE-RLX—BHERI LTV
TeMbhrot, 2ED, RFRITBWTHMAMBAEEL LD ‘light harvesting’ system 2 HET 2T LT
%7,

(B8] ESMS DRAIECMLTIBAWERE W, BRI FIREFFEROE B fnfTl L, /R
FHEL2LKIC, BERRASRI MORMECBLTIBAVW LW, KIRKFEOKFREE., EHE
HAEITRS BB LET, ‘

(ZE3XE] 1) P Belser, S. Bernhard, and U. Guerig, Tetrahedron, 1996, 52, 2937.
2) 1.- M. Lehn and R. Ziessel, Helv. Chem. Acta, 1988, 7, 1511.
3) E. Ishow, et al., Inorg. Chem., 1998, 37, 3603
(Bmm] 1 =ZH. B, R, /2, FE. PCPM 99, P203. 1999, K&
2) =i, BA, R, DR, FB., F 12 BEEAMONIENKS, P-10, 1999, HBE
3) ZiE. @A, K. /Mo, B, PCPM 2000, 2000, Fik (FF)
4y =i, BA, B, DS, KB, BAR(LELE 13 EFEL IPB2I, TE (FE)
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g N\ (PFs)z A
2/3 1) OS(bPY)ZClZ,HOCHZCH2OiI O—-@
2) KPF 4 n =2(from 2) N -
¢ 5. n = 3(from 3) by phen
1) 4/ §HOCH,CH,OH
RuCly* nH,O —DMSO_ . Ru(dmso),Cl, 2 KPF ad ek M {Ru [phen-(CH,),-phen Os T (bpy), 13} (PFg)g
; 6:n = 2(from 4)
Scheme 1 7 : n = 3(from 5)
[fEHR L B8]

T b=k U AR TORERES Table 11277, RuXOs L& 5 &, Ru-Oss UAZESE 6,7 13 Ru WA HD
HALUTRBIZ 7 = F S, Os ML OBENRES NIRRT, DT End, Ru HORME= R ¥ —
3 Os BA~RO LS BIL T D EEXBND, 72, Ru-Oss WEEE 6,7 O Ru OFMELET D L. 6 DHA
TEVENZ DD, 22AVD L L NENTRNXF—BEINE D L Bbhd, £/, Ru & Os ORISHEDREA
5 SBMEEREDEV FN TR —BERERO RV EAVRBI N, BLEDZ 20, HEMET R X — DB
BOTEALFORS S L IIEBSREOEREKTFT D 2 LTINS, SHRINLOMRE L LIZ, L&
BEO LT RAF—BEIE Z 28EOMELIT2V, Ru-Co $#FE _MUURBETR~OICAL BIELIZV,

Table 1. 7 hr= KU/ PTORI, BEARTZ MOKR

Absorption: Emission
Compound A max/nm t/ns Lret
Amedum (/104 Mlem?) g Os Ru Os Ru Os
cRu 450 (1.4) 610 — 909 — 100 —
10s 432 (1.5), 479 (1.5) — 734 @ — 57 — 13
6 434 (6.6) 610 733 0.04 60 0.88 58
7 . 434 (5.7) 610 733 0.16 56 1.18 53

2MLCT absorption measured at room temperature. “Excitation : 460 nm(the isosbestic point of Ru and Os),
Concentration: 20X 10¢ M, and the values are relative emission intensities per one metal center in each
complexes based on that of Ru. <Ru : [Ru®(bpy):MePhen](PFs): ¢ Os : [Os!(bpy):MePhen](PFs):



Ba 6 6,6"-EX (2-EVTIL)-2,274,47:27,27- 2 P FILE Y T U(tpy-tpy)
B IBREFIZED Ru-Ru,Ru-Co BEDESRE & ot

AFTOECAILRE (ARIRLP) K E#H Naoki MUTOH

[Bf9] AU Yo Ru sk, TRARPRERNTAEC LY BEMOBEREL L, BT
BE. TALF—BRERRT A0, KEONFTEEERTTVS, F0L 5 REKORIF I
bpy(2,2-bipyridine) 72 ¥ O _EEAMF. Fizid tpy (2,2:6,2 - terpyridine) 72 & D =EEMFH R AVD
N, BLBBLICH LTERETN 6 BT OB L ME08hAS <RI TV S, T0ED, 0k
5 e bEth & RAMERUSIC AV BB A OMBSA L LT, 2BRREORTORMY 1 MIEE-THY . RIEA
LR e BADTHARRSESRRIAR (RSERARGTLTHBRB~ESTR) Ze®, K
REENSB~BASND L0 L )BT AR THES, BEZOLODLILEEITI &, REBET
BRTVS, ZHIKR L., —oORBRLICH L, SEEMT & — BRI T 5 —>F EAL U ShikiT B
BRI F oo Lic/ D, TORBRMTFOYA FERASE LCHAT S - & Stskiu, MdomEz

BRTH—DODHEIRD EBRI,

T tpy BB TEAMF L LT, 6,62 (2 -n (:8"%% i
EU YN 22U4LL LI T I U “ "<
(tpy-tpy). 2,3,56-7 hF7FZ (2-¥VIN) BTV 1(X=C1, Y=1 § (X=C1, Y=1)

2 (X Y=2) 6 (X=py, Y=2)
“lpp). Efo. THEEEMTFICHE bpy £ BV T, &M - i

LT = v M (Fig. 1). 38 £ T8 Ru-Co 844K % 85 L. 69 - 83% CQ QD
ThbORME. RISHOEBODEEAS - b2 f”“" %Y

BaoL L. 3 (X=Cl, Y=2) 7 (x-m Y=2)
4 X=py, Y=4) 8 (X=py, Y=4)
Figure 1.
[(BR-EE]
1. &8

— & LT tpy-tpy 2BBRTEMTF L LTHAWEAT = U LK~ D SRR E S Scheme 11277, B
ZBHEBALF tpy-tpy. BLUNT U AT/ B PUEKBITHRE SN FEIZENER L 19,

Pyridine
EON, 120
N 0 toy<py , OMF
N =Ry A
A\
a &
AQNO, Pyridine

acetonitrite, ;0

3 26%

Scheme.1
WAL A &L BT E L TEOALT U LBEEER 11T, RNBE., LToAE /Y JSutsEo
BT EELEET A LIV DELSART BT LMK, S T Kk 3 12, 1 ¥Rt AROBIAE
B LTARLEZLOERYH L, 1620883, 152 VL mRE TNBERT 5 - L1tk d



RTEEN, AEETFTT3ERIGEERE A, VY PUVEBUFIZ—DOULIALRN-T, 22T, L0
EOEY VUBSIRICIEBERENZ B LI L > T, (RIRETEH B 4 BEREE, ZERROERFE
T, BERITEIFIZ tpp BEONAT = U LK 5~8 DERE LT,

e NT =T L= MEEI DA% Scheme 2 12T, T b= U b—7 & b PEMEFET,
1 #[Colacac):bpp e RIGEE /B Z &2 &0, 92 ER L. LML I RFHEFIARLERLEHT, &HF 7

wh S LK ETHBEINTZY | B
PCICZHEDOEERBEIN, £72  co@eac)bpy) cn,L&i,guig'ocu, LiCIO4 89, n/a.,u (€104
FEEOKZE, BIURIZEDERLLD d )

PR DIYENFER I N, FODH 9 Scheme 2. s
EHMT D LR Th R,

2. BEILFRIE
SRS DR E T EAT & Table 110% Table 1. Electrochemical date for all ruthenium complexes

Lte, #5124 TiX, —DORHR Complex  Ei2Ox(Assignment)  EisRed(Assignment)
Rulll | ZFR ¥ A EL BB R b, =
HSEKICR VT H , BRI —2T, B
o, dT DK L IIERBOEN % 2 0.87 Ru(I/IID -1.25 tpy-tpy
RYZ b, @R—SRUMEIER &

1 0.46 Ru(I/1ID -1.25 tpy-tpy

B IS U R R AR T B 3
LEZ2B, I, B A 2 E DA | 4 0.88 Ru(II/IID) 126 tpy-tpy
YU 2EHEKRICERL BXh
RFUNT & BYD 0T, THISE YA A 5 0.54 RuLIID "1.26 tpp
COBVRFBEC LSRR DRTH 6 097 Ru(IL/IID ‘119 tpp
EMICERTS 9, 3 IITEREBE~D D

_‘_ o 0.35 Ru(II/1ID) ]
?éﬁ?ﬁ%(i}:/uc‘:méf;ﬁottb\?ﬁﬂﬁ 7 0.63 Ru(IID 1.50 tpp
NHEERD oM, —F, 8K 5~8 Tit. 8 1.01 Ru{IIID 194 ¢
BRI BV T Rulllll (2 FEY 42 — _ 1.25 Ru(II/IID) : pp

7 : 3. ” T3 Potentials were measured in 0.1M TBAP acetonitrile solutions with carbon
D OFEIRBRACEALL, —BREEEIC IS T electrode and Fe/Fc* reference electrode (0.78 V vs. NHE).

EZOOAMHRBCEM ARSI, T tpp STEBEEHET IRICTFEREL &0, HERIP
VB ERE->TRE-—SEMHBEEANE Y, ~HFDOAToTLADBIIZEY, I —FDONT =D
LDOBEBEZVIISK RoTe D Th B, EEBTREEL, 5 LR L TO—FHDOALT =T AR LY
BiLENSTWVWI EThD, ZNIREFEENHELIZERTROSEF.LETO tpp 2 LIZHEEEAR L
DR 72D, ZOXIRBRERERLZOTIARAVILEEZILND,

3. UV-Vis B, BLVHHAEART bL

PRIIRK LR T7TE h= b UAREEE S L, BEHRE 15X108 M TiTot, F&HAEART bAE
BHEDORARRINEE & TR L7=,

BRI BALTFIZ tpy-tpy & V288K 1~4 © UV-Vis B, WK A7 MLT — 4 % Table 2 12777, 18



Table 2. Spectroscopic properties of a

series of complexes having tpy-tpy.

Absorption .
Complex hmax®* / M )\Entlnsls/x?lrlln
(assignment) max
1 519 (Ru—BL CT) 760
2 484 (Ru—BL CT)) 673
3 597 Ru—BL CT) 8924
4 525 (Ru—BL CT) 730

BRITENLF~D MLCT BRI N> Rid, Bb#A 4o 58
MFIZFOERIRERAIZ, ) YU 2BREFIIE-
SERITERERMAICENZ, TR A OBEWE
FEEZLONT =V LOBETFEENSHE L, Bk~
DIRINF—F ¥y v 7ENPNEILLLEDDEEZLNRD 9
HIEART MAS ZORRERBRL, 1,3 132,41 248 L
REEOEXEZR LZZ L5, MLCTREX L W &RE
ThHEEELONS, UL, BRAAFHELY 3413
SREMEERABRW, M L&BOEEIZ T LI

°

LEOLY, BRRNERIIERENAGT 5 EBBERIZERL, AONICRERY 7 F Lk, HIZEED
AF L EFOBERDFERLOVREC YT MLAEZEDL BRIV BEFEENEL o8RBT LI,
BROIBEUF~DrBFHEMERE L, BRELUTMLCTRERZRELSEZLELLNRD,

B TENFIZ tpp Z AV 5 225 8 » UV-Vis
RN, BHERARY MNT—F % Table 3 12737, BHER
AL+ DEBENC L BBRRBIURE R DEILIT, tpy-tpy S8tk &
ERRTHo7eh, 5,7,8 DENITFHFFIZH . ARLAR
DK AeD 0Tz, LU, 7,8 B REAR THEIIH VI
PRLULEZBEEI, tpp BN FOREKIZLZ22BRALDIE
WHEERICL Y, BIERENRESR T ERETEEL
ShilebeEZLND D,

Table 3. Spectroscopic properties of a

series of complexes having tpp.

Complex ?ﬁigbl;p/t:?g xEmeins‘s/ingxn
(assignment) max
5 506 (Ru—BL CT) Notidentified
6 463 Ru—BL CD 727
7 599 (Ru—BL CT) Notidentified
8

4 MTF=Ubh—as L MEER I AW TBMELRERTTE G
9 A REUOETTH_BILRRETRCICH W, A, BN 64 BEDRSY LK 1.5%X108

mol, RUGEEIC ZEMLRE TR X472 30mLIOMF/H20/(HOCH:CH)ivivA=3/1/1) & BV, Xe T >

T EOTRAERE L TERET o7, LAL, SBIT AR BMILRBETIILET LA,

5565 (Ru—BL CT)

Not identified

tpy-tpy, tpp 2. FHE O LBIELRBETERHNEBEHE —CIZRN, IAFRTHON MR- L 2104
BEEEERABROND R EHELRERRMEEH THD, LiL, ZThbERVWZERE 1~8 DIRIRKEE.
HABERE BT RAX—LAAPEL |, ARIE~DIEBIZZEMNFEEOLRHVBEFIILETHE L Ebh
Ho Flzy a2V NEDTHERIIERNEREICEBECTHD Z &M ohotz, a0 MIOKRBES F 522

TEY DU RVOEBREMNFIZTAIZSILLD, $#E0REANIRLNEZ LD EEZL TS,

(£ 3R]

1) E. C. Constable and M. D. Ward, J. Chem. Soc. Dalton Trans, 1990, 1405.

2) E. C. Constable and A. C. Thompson, J. Chem. Soc. Dalton Trans, 1992, 3467.
3) H.Kurosawa, etal, Inorg. Chim. Acta., 1998, 270, 87.

4) L. M. Vogler, etal, Inorg. Chim. Acta., 1996, 250, 155.

5)dJ. P. Collin, etal, ¢J. Chem. Soc., Chem. Commun., 1993,434

&2

D) REE. MR, EEE. VE, FH. PCPM2000, P-80. 2000. %
2) RHEE. ATP9. A, /NEFIR. A, PCPM2001, 2001. ¥ (F&)



Aa 11 Ru(II)-Os (II) Z &Mk D SR & HEHE T RILX—BRY
AFTOCAIPRE (HBMIRLEE B A Mitsuru NAKAJIMA

[BH] YUESTIHLATLY 1128\ T n=23 Gr&ns
Ru-Os “HSEEE AR L., FORFHNTZRALX¥—BEEIERICD
WTHRRTE =, ZOHKR. Ru 725 Os ~O=RAXF BB
FRPRVERE -, FITEFRTIL, AR—P—DEX
TS LSRRI F 2 AV Ru-Os BB SR
B, FLTEDEEDOTINE—BIHRIZONVTRRBZ &
12k Y A BN T XX BRI KITTEE W
THRBLEEHLLE,

[ZBoE] 8-7TI/%/ U U 2HBEFEEPE E L TAV., TIORTARBEIIHE > T n=b O _ESEEDEREIT-
2o BUEn=4 O _BEEOEREITo T2, '

a b
> N

72.3% Na N 412% W 26.9%
\_ \ \_ \ d - \ N l A
N N= N N= (PFgly =3 N N= N N= (PFe)a bpy= ()
Ru(IT) 56.9% Ru(11) Os( N N
(bpy) 2 (bpy) 2 (boy) 2
. R S
2 36.0% 6 39.0% , 9.0%

Scheme 1. Synthesis of the target compounds

2)CHyCOCHCH,, 70% H,80,, Nal DILDA, dry THF, TMEDA, Br{CH,)38r, Na! d) 1)Ru(bpy)oCl; * nH,0, DMF, MeOH 2)sat KPFg ag,
d) 1)0s{bpy),Cla, HOCH,CH,OH, 2)sat. KPFg aq. e)LDA, dry THF, ethylene oxide, LICI )SOBr, pyridine g) 2, LDA, dry THF

[FER L ER] Table 112, BEHEDENRAY MR LUBEEMZTT, n=b O HS4KILn=2,3 Ok L kT
5L, WHEAZ MTIE Ru S 6 OENIREIUE X Os TS DOENSREN TR L 722 o7, ZHUL.
& BREEREDS A F L 8 5 By £ TN/ 729 Ru 4°5 Os ~Dx XX —BEINE - 2BEBNKREHY . figX
NERuEMIAEOFEXRFEL TLE>FEMEX 7D TH D, ZHUZL D = XN F—BEVNENE BV \ESERE
HEEDORAT, A F LV HIBVOA4BHTHD ZENTRENS,

Table 1. Emission Spectra and Exditation Lifetime Data for Complexes in deoxygenated CHsCN

Emission Excitation Lifetime
Compound A max/im L T /ns

Ru Os Ru Os Ru Os

Rub 610 - 100 -— 840 —
0Os? — 734 - 13 — 50

| 610 734 14 27 <5 68

j ) 610 734 1.7 33 <5 64
1o 610 733 9.0 26 6.5 56

a)Exditation: 460nm(the isosbestic point of Ru and 0s),Concentration: 2.0 X10%M, and the values are relative
emission intensities per one metal center in each complexes based on that of Ru
b) Ru: [Ru"(bpy):Mephen](PFa): ) Os: [Os"(bpy):Mephen](PFe);

(BER] =F WA BERERER G185 (1999)

GBR] B, = B8 PCPM2002 (F3) (002 —~<id)



Ap 3 Ru, Co RUEUD B RAMEE ALV CO, BRICHTIHR

SFTOLAISEE (FRIELET) WIFHF &EA Yoshihito MAENO

(B8] Ru®Y EY OUgikiz, TEXEDRARRTHHE L) REAOREREL T L. ARRSE
EOMEEACIVETBE. = XVX—BEARERBETILD, AT XANF—ERT A XL LTORK
ARRNMERICEA TG, 20—k Ru, Co KU ¥ ) SU#ERIC & BHREET BB EFIA L CO,
BEXHD, TORISTIE, ERF AL LT CO, DBTERD THS CO. BIERYE LT H, BERT 3,
20 & 5 2FI0—>IC Komatswzaki & I2 £ 5 Ru-Co ZHEEDBIN BT b5, =~ DEETOK CO, BTN
R, COMH, BAENEV ) HIRNEFBRORANT SN, REDEHENS -7, ZOREL LT,
EEOBTBHDHRNIE T & B ICREOE

e oA EE LT LS 5 THEMR2EIT b | cfg o
ha, #Z T, B4 Ru—Co ~DEDHRLBF N

AREEOOFHREE TH, RIEVPEITTED LS
72 Ye HE BT & BB ED B X 7% Ru,-Co TUA%EEE 10
AW T 5, (Figurel) £72, VAT LAREDOH
RDHET MEEH Rulbpy): &I LTF Cobpy)s
BHEEBNT, BAFCERBLEELEL AT A, ZOREED Y ¥4 74, BE C0, 2T CORITILS
WTORNEITS. £LT. FhoORMEREFAL, BRLE CO,BRT VAT LDMEL BIET L
*ENE L,

—1 s+
BERMEEIND n 8 FR Ru-Co ZR@EK 70 R
BRET Y. KIZ CO, izi‘cqn::sctéﬁfxom % "N \5@
,

Figure 1. Ru-Co multinuclear complexes for /() photoreduction.

(R L EBE]
1. B8Rk
_l 2+
Bridging Ligand
+ _Ruopy)Cly [Colbpy),ClyIC! N N N
MeOH, A MeOH / H,0 N N N N
4 5
\
N __/ _—l 5+
5 RuCopy,Cly _[ColpmsChICl ™ Ru N
MeOH, A = " MeOH/H,0 NN N Co N,
8 =N N=
. CoCl, - 6H,0 9 \ 7\ 7
HOCH,CH,OH
Scheme 1.



i HERBRITEMN T 4 BLUBRHORN F 5% &5t4. Scheme 1 12V, BRINEER 7,9 DARL
E4To72. 7. Ru(bpy), 8% XBRIOMEITRM T - EAIE, #EERTIZLICLD . FEMICRuE
éktk 6, 8 B LT, £L T, & Ru BiZgEk% Colbpy) &b LS ITBILm SV M EBBRTH Z L1
FoTEMEET 1026 LT, £, B F4 OBRELEET S 72D Ru—Co ZiESEEK 9 & 7 &L FH%KD
FETER LTc, ETOEEITPFIEE LTHRYH LT,

2. UV-Vis BIRI L HEHE R b L
UV-Vis BN L TEH A2 fAd»  Table 1. Absorption and emission spectra data of complexes in
BiERER % Table 1 (2R ¥, B AR~ degassed CH;CN.

. a) .. b)
rVED, TRTOSEEKIZEBWT, Ru— Abs‘:?mﬂ eIr:'.“tmssxon
. . Complex Amac o/ nm y . Intensity?
Ligand CT BBIZ & 2 RUINHS AT Fe IR € X 10%/M'cm?) / o tensity*
KBEIN, 0B TiIrEXnsx 6 455 (1.89) 6039 6
YFHBR ORI 28 Ru-Co itk 7,9 7 448 (1.96) 606 3
. w1 8 449 (1.39) 611 100
BT, BRIZEIHDLOD, K . 449 (170, cos -

D7 T FRRBTE I, ZORBRDL, 10 448 (4.37) 608 131

7, 9128V T Ru—Co X FHEEFBE)AS  2) Concentration: 1.0 X 10° M. b) Concentration: 2.0 X 10° M, and excitation
wavelength at 450 nm. c) The values are normalized to the emission intensity of 8.

BETHWDIENTREND LUELY,  d)Excitation wavelength at 455 am.

ARKEF AT IABDEETEMEEE 79 RERTELLBLLNS,

3. R .

A w \ L _ Table 2. Photoreduction of CO, by using 7, 9, 10.

SR Ltk BV THRIEEIT o . (Table _— TR o %
2) T DRER. S FARIBYGBEIC L 5 RS, TP time/h pmol (TN) © /H,
DFHBFERICEDRIS L HERT, COH, 3 Ru(bpy)Cl;, 5 825 202135 02
BIIKEL 2ote, LL, Eaogkchse  CobpysCh

~ . 7 25 19(1.3) 7(0.5) 27
DEER L H_TREDHE (TN) OXBEIRON ; .5 W16 1208 20

Rbrote, ¥, ThbD FRBFEESESE S 10 24 20(1.3) 6(0.4) 33
BWrREREORE PHET AL RISREMICER a) Irradiation by Xe lamp with UV and IR cut-off filter. c) Complexes

X e (15 pmot) were dessolved in DMF/TEOA (4/1, v/v) (30 ml) (Concentration:
RN, FOREBHRIZITIZTEALEENRD 2.0 X 10° M). Excitation wavelength at 450 nm. d) The values are

nido e normalized to the emission intensity of 8.

KiC, BHFT Y 97 ARBOT, BHEEEET DL LSMEOESMLERL L, KEEOHS
FORNLE LI b DR BETTHLRIEI. U THEY R AL, BEELEAXBHYTFEEER L, AL
FRAFIERYRAFL, RYVERBr=1L RYr=ATra—i, R FAEBE=ABLTEDREF
Thd, £, $EEKITITETLEHE LT Rulbpy): #4435 L 1 Colbpy)s EEEER L, “hbOENF
BERNT, RREET R, COMI L LEERBITHTLE ok, 22T, KICHE/ AL 5Highs
ERVTEGEEELTIFELRN L, B4 4 TRBISE LTIL, AT UBES LT v =54
MR 120 KL UET7 v RBA 2L THBMETH BT 7 44 112 (), 77 44> NR50 (B) »&FERL
oo ZHOOMISICSEKEEE S, RSETo%, —EOREHRITEND, RIEHEL LBICRGE
ZRR. CO,MTHZLizdh, BERGEBRVERIZ LEShot, ZLT, ZFOVHA I LETE




B4V E LTz, (Table3)-

Table 3. Generation of CO and H; by photoreduction of CO, by using polymer supported system_0

Cation exchange Fixed complex Irradiation COo H,
Run . s CO/H,
polymer/ mg / pmol time*/ h pmol (TN)

1® Nafion 112 / 50 mg Ru”(bpy)s / 15 pmol 404, ®® 125(83) 276 (18.4) 045
2° Nafion 112 / 195 mg Co” (bpy)s / 114 umol 22, @O# -

3® Nafion NR50 / 669 mg Ru” (bpy); /15 wmol 166, @ 36(24) 23(.5 1.6
4° Amberlite IR-120 / 19 mg Ru” (bpy)s /15 wmol 150, @ 44 (2.9) 8 (0.5) 55

4 Ru”(bpy)s / 15 umol &

5 Nafion 112 / 100 mg Co® (bpy)s / 15 pmol 46, @* 25(1.7)  21(14) 1.2
6° - - 195, ® 93(6.2) 236(157)  0.39

a) Total irradiation time at the first reaction and ali recycled reactions when applied. b) Co (bpy)s complex (15 pmol) was dissolved in DMF /
TEOA (4/1, v/v) (30 ml). ¢) Ru (bpy)s complex (15 pmol) was dissolved in DMF / TEOA (4/1, v/v) (30 ml). d) The mixed solvent was
changed for each irradiation. e) Control experiment. Both Ru(bpy)s and Co(bpy)s complexes were dissolved in DMF / TEGA (4/1, v/v) (30
ml). f) All reaction was carried out by using certain amount of Ru complex and/or Co complex in DMF/TEOA (4/1, v/v) (30 ml) soln. saturated
with CO,. Imradiation was carried out with a Xe lamp (Ushio UXL500D-0). Co(bpy)sCla: CoCly'6H,O / bpy = 1/3 (in situ). CO and H; were
detected by GC (Hitachi 263-50, 3 mm x 5 m activated charcoal column, at 70°C using Ar as the career gas). g) The number of All reactions.

Co 6% BE LBAB LV Ry, Co Mgk 2 B& S W RTRESH 5 F<HEITULR A7, T,
RIEHA e LTEXDR TS Co $EBMERICHEET 572012 CO, L DBMHBERNE LI BY Lo
LEZOND, £, RuEEDRETT7 4 A /BICEE L., Co$bEZ I LI RREDFR (Run 1) 128
WT, BEOH—F%Run 6)& 2, RIGHMIE ., ZBRIECREBRTICHTIBRES I UCKEOLRERE
DERBHRALNIE, TOREND, RY—RICTEZEICL>T CooRuBBIBBNAES 2 bh, BHS
BERIEDED HE DI KIS RB LR L LB bND, e, BYFICRuSBELEETZ Z L0k -
TRuSEEDOBRBE L LNEOTREVLEEI NS, ‘

4. BE CO, BT TORRIE

B|E CO, FTORGETIE, RIGHA FThHD Co BL~D CO, DEMBERINE X . FISHEOKEN B
ANnd, SEIE. BRLE Ru-CoBEIZBVWTRLRISCHENBRVNEBDNRD I ZAWVT, BE CO,&4T
TOXRIEEIT- T, FOHRIZOVTIT, ¥BORRTRRB,

€ =349
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3) M. Yagi, K. Okajima, and Y. Kurimura, J. Chem. Soc. Faraday Trans., 88, 1411 (1992).
4) J. Zhang, M. Yagi, and M. Kaneko, Macromol. Symp., 105, 59 (1996).
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Ba11 LNTFZOL-a/L FZREMBEDO SR & X
SFTOCATERE (FRITE) RN BF Yoko ISHIKAWA

(B8] MWHFRETIE. YAT7 7} bl iR oM T B
&’T L7= Ru 226 Co ~DHFHRFHERIEFIA LT, X CO ‘i &2

47 S SRR R T > T2 T, & 1 AR BT BRI St 2
#4&% Ru-Co “AHE4TIL, Rub Co ~DEFHEE FRSC Co 226 Ru(if) N N Coi)N
Ru ~ORETHEI R (BRAEE 600ps) Bz ~TLE, EESh
TWBRD CO: B BIIB o2 T, MRIIEBALFDAR—H— 1n

OESE2MITTZ LK) 2RMEEERNSEL 0 | FRTBEI LI
THZLENTEDIDOTIIR D EER T, T I TAHR T, MRTRLFOAF LU AN——FE LTV ZE
LY, EFBEPRNEDLS IR TEONEWMRD I L AML LE,

[ZBAE] 8T 3I/%/ U 2HBREWK & LTAW. 'F‘E@Am L2 25> T n=2 K3 w_&ﬁﬁ%
DEREFToT,

a b c
Pz g~
NHz 42.4% N (PFg);
N N
2 3

Ru(ll)
(bpyh .
- beyh: 1 4

cotl oy

d
st
80.2% (PFo)s
N 4)CH;COCHCH,, 7T0%H,SO,, Nal B)LDA, dry THF, Br,
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