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Photoinduced electron-transfer processes from the excited triplet states of zinc tetraphenylporphyrin ((ZnTPP*) or
zinc tetra-tert-butylphthalocyanine (*ZnTBPc*) to oxo-acetato-bridged triruthenium clusters [Rus(zes-O)(u-CH3CO,)e-
(L)s]* have been confirmed by nanosecond laser flash photolysis in the visible and near-IR regions. The rise of the
transient absorption spectra of the radical cations of ZnTPP and ZnTBPc and the reduced form of the oxo-acetato-
bridged triruthenium cluster ([Rus(uz-O)(u-CHsCO,)s(L)s]%) were observed with the concomitant decays of *ZnTPP*
or 3ZnTBPc*. The evaluated rate constants (ker) and quantum yields (®egr) for electron-transfer were increased
with the order of electron-withdrawing ability of the ligands (L) coordinated to the Ru atoms, 4-cyanopyridine >
triphenylphosphine > pyridine > 4-(dimethylamino)pyridine, which is the order of promoting the electron-accepting
ability of [Rus(3-0)(t-CH3CO)s(L)s]*. The der values for 3ZnTPP* were lower than those for ZnTBPc*, suggesting
the presence of competitive processes such as energy transfer process from 3ZnTPP* to the triplet states of
[Rus(u3-O)(u-CH3COO)g(L)s]*. For the back electron-transfer process, second-order kinetics indicates that the radical
cations of ZnTPP or ZnTBPc and [Rus(us-O)(u-CH3COO)s(L)s]° return to the original system after solvation in polar
solvents at a diffusion controlled limit without side reactions, providing reversible photosensitizing intermolecular
electron-transfer systems.

Introduction chemistry have led to the achievement of efficient charge
separation and long-lived charge-separated states that are

Photoinduced electron-transfer and energy-transfer pro-Controlled by both geometric and energetic facfoss.

cesses play a significant role in many inorganic and organic
photochemical reactioris.The efficient electron-transfer - - -
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Photoinduced Electron Transfer

Chart 1. Molecular Structures the dimers of triruthenium complexes with bridging ligands,
—‘ + intramolecular electron-transfer processes in the mixed
N valence states were studi€d.?
RGO cpy = N_oN In the present study, we report intermolecular photoin-
PPhj = P@>3 duced electron traljsfer from the triple excited states of zinc
tetraphenylporphyrin®ZnTPP*) or zinc tetraert-butylphtha-
L py = ND locyanine $ZnTBPc*) used as photosensitizing electron
donors to [Ry(us-O)(u-CH3CO,)e(L)3] ™ as electron accep-
= [\
dmap NQ_N(CH3)2 tors. The direct evidence of electron transfer was obtained

by means of laser flash photolysis observing the transient
absorption spectra in the visible and near-IR regions.
Furthermore, we demonstrate that the control of rate con-
stants ker) and quantum yieldsTgy) via 3ZnTPP ofZnTBPc*

for photoinduced electron transfer can be achieved by
exchanging the terminal ligands (L) as shown in Chart 1 in
different polar solvents.

Experimental Section

Materials. Solvents such as acetonitrile (AN), benzonitrile (BN),
ZnTPP ando-dichlorobenzene (DCB), used for spectroscopic and electro-

However, further control of the direction and the potential chemical measurements, were all the best grade reagents com-
! P mercially available. Zinc tetréert-butyl phthalocyanine (ZnTBPc)

_Of _the electron-trans_fer systems by using the new redox units, aq purchased from Aldrich and was subsequently purified by silica
is important. Accordingly, metal complexes have tremendous ge| column using diethyl ether as eluent. Zinc tetraphenylporphyrin
possibilities and advantages, since various properties can bgznTPp) was synthesized according to the reported mefffods.
widely controlled by changing the kinds and numbers of Tetran-butylammonium hexafluorophosphate-{:Hs)sNPF) used
metals and ligands. Thus, it is important to systematically as a supporting electrolyte in the electrochemical measurements
explore various factors, which exert various influences upon was recrystallized from ethyl acetate/benzene (1:1, 3/v).

the electron-transfer processes of metal complexes. Among  [Rus(us-O)(u-CHsCO,)s(EtOH)]OAC, in which the valences of

the metal complexes, multi-metal clusters have recently beenthree Ru are (llLIIL11), was prepared according to the reported
widely investigated, including electron-transfer processes in Methods* As ligands, commercially available 4-cyanopyridine
the ground states? (cpy), triphenylphosphine (PBh pyridine (py), and 4-(dimethyl-

d amino)pyridine (dmap) were employed.
[RU3([13-0)([4-CH3C02)5(pr)3]PF6. To CH2C|2/CH30H (l:l,

vIv) solution (20 mL) of [Ry(u3-O)(u-CH3CO,)s(EtOH)]OAC (100

mg, 0.115 mmol), cpy (120 mg, 1.15 mmol), and N (200

For this, theu-oxo-centered triruthenium clusters bridge
by six carboxylate ligands with the general formula of
[Rus(us-O)(u-CH3COy)el3]™ (Chart 1) have been extensively

investigated in terms of mixed valence chemistry and mg, 1.15 mmol) were added and the solution was stirred for 1 day.

catalytic propertieS.** This type of cluster complexes Shows  afier evaporation of the solvents to dryness, the residue was
several characteristic properties in the absorption spectra angjissolved in a minimal amount of GBI,. This crude sample

electrochemical behavidf. '’ Recently, it was reported that  solution was placed on a column packed with silica gel (Wakogel
these cluster complexes form supramolecular architecturesc-200) and eluted with using GBIl,/CH;OH (99:1, v/v). The first

by producing oligomers with the bridging ligantfs?? In main green fraction was collected and the solvents were evaporated.
After the residue was dissolved in a minimal amount of,CH,
9) fg%wer, A.; Wilkinson, Gl. Chem. Soc., Dalton. Trank972 1570~ excessn-hexane was added to this solution, obtaining blue-green
: o powders, which were collected by filtration after washing witfCEt
(10) 7ngelncer, A.; Wilkinson, Gl. Chem. Soc., Dalton. Trank974 786— Yield: 85 mg (65% based on starting [Ris-O)(u-CHCOy)e-
(11) Baumann, J. A.; Salmon, D. J.; Wilson, S. T.; Meyer, Tindrg. (EtOH)]OAC). Anal. Calcd for [Ry(us-O)(u-CHsCOy)s(cpy )] PFe:
Chem.1978 17, 3342-3350. C,31.81; H, 2.85; N, 7.42. Found: C, 32.07; H, 2.59; N, 7%5#.

(12) Abe, M.; Sasaki, Y.; Nakagawa, A.; Ito, Bull. Chem. Soc. Jpn.
1992 65, 1411-1414.
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1992 65, 1585-1590. Y. Inorg. Chem22004 43, 1481-1490.
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T.; Tominaga, M.; Taniguchi, I.; Ito, Tinorg. Chem1996 35, 6724~ Kubiak, C. P.Sciencel997, 277, 660-663.
6734. (24) Ito, T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Kido, H.; Zavarine,
(16) Ota, K.; Sasaki, H.; Matsui, T.; Hamaguchi, T.; Yamaguchi, T.; Ito, I. S.; Richmond, T.; Washington, J.; Kubiak, C.Am. Chem. Soc
T.; Kido, H.; Kubiak, C. P.Inorg. Chem.1999 38, 4070-4078. 1999 121, 4625-4632.
(17) Abe, M.; Michi, T.; Sato, A.; Kondo, T.; Zhou, W.; Shen, Y.; Uosaki, (25) Londergan, C. H.; Salaman, J. C.; Ronco, S.; Kubiak, Anég.
K.; Sasaki, Y.Angew. Chem., Int. ER003 42, 2912-2915. Chem.2003 42, 926-928.
(18) Baumann, J. A.; Salmon, D. J.; Wilson, S. T.; Meyer, Tindrg. (26) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour,
Chem.1979 18, 2472-2479. J.; Korsakoff, L.J. Org. Chem1967, 32, 476.
(19) Baumann, J. A;; Wilson, S. T.; Salmon, D. J.; Hood, P. L.; Meyer, T. (27) Abe, M.; Sasaki, Y.; Yamada, Y.; Tsukahara, K.; Yano, S.; Yamaguchi,
J.J. Am. Chem. S0d 979 101, 2916-2920. T.; Tominaga, M.; Taniguchi, |.; Ito, Tnorg. Chem1996 35, 6724~
(20) Kido, H.; Nagino, H.; Ito, TChem. Lett1996 745-746. 6734.
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NMR in CDCl: 6 (ppm)= 1.14 (6H, cpye), 5.34 (6H, cpym)
and 5.58 (18H, acetate methyl).

[Rus(u3-O)(u-CH3CO,)s(PPhs)s]PFs. This compound was ob-
tained by adding PRhand NHPFs to [Rus(us-O)(u-CH3zCOy,)s-
(EtOH)]OAC. Yield: 45% based on starting complex. Anal. Calcd
for [Rus(us-O)(u-CH3CO,)s (PPh)s]PFs-CH.Cl,: C, 47.61; H, 3.88.
Found: C, 47.88; H, 3.79H NMR in CDClz: 6 (ppm)= 5.26
(18H, PPhK-0), 5.80 (18H, acetate methyl), 6.53 (18H, Bf) and
7.40 (9H, PPhp).

[Rus(3-O)(u-CH3CO,)s(dmap)s]PFs. This compound was ob-
tained by adding dmap and NPIR; to [Rus(u3-O)(u-CH3zCO,)e-
(EtOH)]OAC. Yield: 24% based on starting complex. Anal. Calcd
for [Rus(us-O)(u-CHsCO,)s(damp}]PFs: C, 33.45; H, 4.08; N, 7.09.
Found: C, 33.27; H, 3.89; N, 7.08H NMR in CDClz: ¢ (ppm)
= 1.75 (6H, dmam), 2.71 (18H, dmap-methyl), 5.38 (18H, acetate
methyl) and 6.19 (6H, dmapy.

Apparatus. *H NMR spectra were recorded on a JEOL Lambda
400 spectrometer. Chemical shifts were evaluated with respect to
an internal reference of TMS in CDgI Y L =dmap

Steady-state absorption spectra in the visible and near-IR regions ' ' I S |
were measured on a Jasco V570 DS spectrophotometer. Cyclic 2000 1000 0 '100(1 -2000
voltammetry experiments were carried out using BAS CV-50W Potential E/ mV vs Fc/Fc
voltammetric analyzer at a scan rate of 100 mV. &lassy carbon Figure 1. Cyclic voltammograms of a series of [Rus-O)(u-CHsCOy)elL 3]
was used as a working electrode, a platinum wire served as a countePFs in AN containing 0.1 M (-C4Ho)sNPFs as a supporting electrolyte at
electrode, and an Ag wire (Ag/AYy was used as a reference a scan rate of 100 m\,l Roman numerals |nd|ca_te t_he formal oxidation
electrode. The redox potentials were referenced to an internal number of three Ru ions, and Arabic numerals indicate the total charge.

ferrocene/ferrocenium (Fc/FEredox couple. All solutions were I _ ) 0 .
deoxygenated by bubbling Ar gas through the solutions, to which .CH3COZ)6L3] /IRus(uz-O)(u-CHCO,)el. ] are summarized

0.1 M of (-C,He):NPF; was added as a supporting electrolyte. 1 Tab_le 1,in vyh|ch theEeq values considerably vary with
Nanosecond transient absorption measurements were carried ou([:hanglng the ligands. ThEq values are small compared
using a SHG (532 nm) of the Nd:YAG laser (Spectra-Physics, With the Ereq values expected for Ru(lll/l) of mononuclear
Quanta-Ray GCR-130, fwhm 6 ns) as an excitation source. For COMplex;* suggesting appreciable delocalization of electron
transient absorption spectra in the near-IR region {608D0 nm), density among the three Ru atoms in the(Rs+O) core?83°
monitoring light from a pulsed Xe lamp was detected with a Ge- It is notable that théeq values depend on the dissociation
avalanche photodiode (Hamamatsu Photonics, B2834). Photoin-constants (i) of the ligands against the corresponding
duced events in microsecond time regions were estimated by usingconjugate acids of the ligand$Since the [, values of the
a continuous Xe lamp (150 W) and an InGaA3IN photodiode  |igands decrease with the electron-withdrawing ability, the
(Hamamatsu Photonics, G5125-10) as a probe light and detector.z _ yalues shift less negative, indicating an increase in the

respectively. All the sample solutions in a quartz celb{1l cn¥) lectron a tin ilitv of ) -CH LJP
were deaerated by bubbling Ar gas through the solutions for 15 electron accepting ability of [Rts-O)(u-CHCO)oL3]PFe.

min. Transient absorption measurements were carried out with use 1€ free-energy change of the radical ion paiGkie)
of fresh samples, because repeated laser irradiations of ZnTPP andvas evaluated from the RehriVeller eq $2using theEeq
ZnTBPc in the halogenated solvents such as DCB caused substantia¥alue of [Ru(us-O)(u-CHCOy)sls]PFs and oxidation po-
color changes. tential (Eox) Of electron-donors

IILIILIT / TLILIT (O/1-)

TILITLIIL / TILIILIT (1+/0)
HLILIV / HLILI (2+/1+)

Current |/ pA

Results and Discussion AGgjp=Ep — Eeqg— E¢ 1)

Electrochemical Study.Figure 1 shows the cyclic vol-  whereE, refers to Coulomb energy as calculated by eq 2
tammograms of [Rafus-O)(u-CHsCO,)sL3]PFs (L = cpy,
PPh, py, dmap) in AN. All voltammograms show the E, (in eV) = (2, 2,_)€423.06 x doces 2)
reversible redox processes. The central peak in the 0 to

—1000 mV region was assigned to the reduction potential wherezp; andza_ refer to the effective charge of D and A,
(Ered) Of Rug(I11LILIN/RU 5(IILIIL I, which corresponds to regpectively:de refers to collision radius between the two
[RUs(u3-O) (u-CH3CO,)el 3] */[Rus(us-O) (u-CH3CO,)s- moieties;es refers to static dielectronic constant of the solvent
L4]°257% Other redox processes were also assigned asysed for the rate constant and the redox potential measure-
depicted in Figure 7% The Ereq values for [Ru(us-O)(u- ments. The evaluateiGgp values in AN are summarized

in Table 1.
(28) Walsh, J. L.; Baumann, J. A.; Meyer, T.ldorg. Chim. Actal98Q
19, 2145-2151.
(29) Toma, H. E.; Cunha, C. J.; Cipriano, l@org. Chim. Actal988 154, (31) Jones, S. W.; Jordan, M. R.; Brewer, KMolecular and Supramo-
63—66. lecular PhotochemistpyRamamurthy, V., Schanze, K. S., Eds.; Marcel
(30) Toma, H. E.; Araki, K.; Alexiou, A. D. P.; Nikolaou, S.; Dovidauskas, Dekker: New York, 1999; Vol. 4, Chapter 4.
S. Coord Chem. Re 2001, 219-221, 187—234. (32) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259-271.
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Table 1. Absorption Spectral Data and Reduction Potenti&ld of [Rus(uz-O)(u-CHsCOy)sl 3] 77, pK, of Ligand, and Free-Energy Change for

Radical lon-Pair AGgp) in AN

Amadnm (€ (M~1cm™1))

EredV (+/0)2 AGripleV
L [Ru(us-O)(u-CH3zCOy)s(L) 3] * [Ru(uz-O)(u-CH3CO)s(L)3]° pKa vs Fc/F¢ ZnTPP, ZnTBPc
cpy 705(6600)/379(11400) 943(11400)/480(14500) 1.7 —-0.27 0.64, 0.30
PPh 738(5500)/410(7400) 985(7900)/345(15100) 2.6 —0.35 0.72,0.39
py 692(5600)/322(8900) 920(9000)/391(11800) 5.2 —0.46 0.84,0.51
dmap 685(8200)/419(7900) 926(11800)/343(29000) 9.7 —0.65 1.02, 0.69

@ Ereq values were obtained frontEgs + Epc)/2, whereEp, andEyc are referred to peaks of anodic and cathodic scan vs FcfEspectively Eox values

for ZnTPP and ZnTBPc were 0.38 and 0.04 V vs F¢/it AN.

Table 2. Free Energy Changes-AGetr'), Quenching Rate Constantg;)), Quantum Yields ®gr), and Electron-Transfer Rate-Constakr] for
Electron-Transfer Processes@nTPP* and [Ry(us-O)(u-CH3sCO;)sl3]PFs and Free-Energy Changes AGget) and Rate Constantggersecoy for

Back Electron-Transfer

L solvent —AGer" ¥eV kfM~1st Der? ker/M~1s7t —AGger/eV kgerseconiM —1 571
cpy AN 0.89 8.0x 1(° 0.30 2.4x 10° 0.64 9.4x 10°
PPh 0.81 9.3x 10° 0.23 2.1x 10° 0.72 1.1x 10%
py 0.69 8.0x 10° 0.21 1.7x 10° 0.84 1.7x 100
dmap 0.51 8.4 10° <0.1 <8.4x 108 1.02 (2.2x 1019°
cpy BN 0.87 1.9x 10° 0.24 4.6x 10° 0.66 3.4x 10°
PPh 0.78 2.3x 10° 0.18 4.1x 108 0.75 4.2x 10°
py 0.66 2.0x 10° 0.16 3.2x 108 0.87 7.3x 10°
dmap 0.47 1.5 109 <0.1 <1.9x 108 1.06 (7.6x 107)°
cpy DCB 0.81 1.9¢ 10° 0.21 4.0x 10° 0.72 4.3x 10°
PPh 0.72 1.9x 1¢° 0.17 3.2x 10° 0.81 6.4x 10°
py 0.59 2.1x 1° 0.15 3.1x 10° 0.94 5.2x 10°
dmap 0.41 2. 10° <0.1 <2.1x 10 112 (7.6x 10%¢

aEnergy level Eg) of 3ZnTTP* was 1.53 e\#® P The e value for3ZnTPP* is 8.2x 10° M~1 cm™! at 840 nm ¢ Estimation was difficult due to weak

signal.

Table 3. Free-Energy Changes-AGet'), Quenching Rate Constantg;), Quantum Yields ®gr), and Electron-Transfer Rate-Constakrj for
Electron-Transfer Processes@nTBPc* and [Ry(us-O)(u-CHsCO,)6L 5]PFs and Free-Energy Changes AGger)

L solvent —AGer" ¥eV kfyM~1st Der? ker/M~1s7t —AGger/eV kgerseconiM 1 571
cpy AN 0.83 9.3x 1¢° 0.69 6.4x 10° 0.30 2.2x 10°
PPh 0.74 9.8x 10° 0.33 3.2x 10° 0.39 2.9x 10°
py 0.62 9.8x 10° 0.18 1.8x 109 0.51 3.8x 1(°
dmap 0.44 7.3 10° <0.1 <7.8x 108 0.69 (3.9x 10°)¢
cpy BN 0.81 3.2x 10° 0.66 2.1x 10° 0.32 1.5x 1¢°
PPh 0.73 3.5x 10° 0.30 1.0x 10° 0.40 1.7x 10°
py 0.59 3.4x 10° 0.20 5.4x 108 0.54 2.4x 10°
dmap 0.41 3.% 10° <0.1 <3.7x 108 0.72 (3.4x 10°)¢
cpy DCB 0.80 2.1x 1@° 0.68 1.4x 10° 0.33 1.4x 10°
PPh 0.73 2.4x 10° 0.27 6.5x 10° 0.40 1.5x 10°
py 0.59 2.2x 10° 0.25 5.5x 10° 0.54 3.0x 10°
dmap 0.41 2.1 10° <0.1 <2.1x 108 0.72 (3.2x 10°)¢

aEnergy level Eg) of 3ZnTBPc* (1.13 eV)}” P Thee value for3ZnTBPc* is
signal.

Free-energy changes for electron transt&G£r) were
calculated by eq 3

AGgr = AGgp — 3)
wherekE, refers to the energy of the lowest excited state of
the photosensitizer, from which electron transfer occurs. As
shown in the later section in this paper, electron transfer was
proved to occur from the excited triplet states of ZnTPP and
ZnTBPc, for which the energy levels of the lowest triplet
states were employed &5.3637In Tables 2 and 3, thAGgt"
values via®ZnTPP* and®ZnTBcP* are listed, respectively.

(33) Davis, S.; Drago, R. Snorg. Chem.1988 27, 4759-4760.

(34) Abe, M.; Sasaki, Y.; Yamaguchi, T.; Ito, Bull. Chem. Soc. Jpn.
1992 65, 1585-1590.

(35) Cotton, F. A.; Norman, J. G., Jnorg. Chim. Actal972 6, 411—
419.

(36) Murov, S. L.; Carmichael, |.; Hug, G. Handbook of Photochemistry
2nd ed.; Marcel Dekker: New York, 1993.

4.9x 10 M~ cm™! at 480 nm?” ©Estimation was difficult due to weak

0.4

-0.5

-0.6

-0.7

-0.8

AGL,T/ eV

-0.9
1.0 | 1 | |
0

Figure 2. Plots of the —AGgr" for electron transfer between the
[RU3(/43-O)(M-CH3C02)6L3]PF5 and ZnTPP vs ‘Qa in AN.

In Figure 2, theAGgr" values via®ZnTPP* are plotted vs
pK, values of the ligands. With a decrease df,pthe
calculated-AGeg+" values increase monotonically. Therefore,

(37) Lawrence, D. S.; Whitten, D. Qhotochem. Photobioll996 64,
923-935.
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Figure 3. Absorption spectral changes obtained by controlling potentials, 0.00 \
|

at 0 V for [Rus(us-O)(u-CH3COy)e(cpy)]PFs and at —500 mV for '
[Rus(us-0)(u-CHsCO,)s(cpy)l® in AN containing 0.1 M (-C4Hg)sNPFs. 600 800 1000 1200
Wavelength / nm

smaller values of K, increase the exothermicity of the _ ) i . .
Figure 4. Transient absorption spectra obtained by 532 nm laser photolysis

electron-transfer proces§. o of ZnTPP (0.05 mM) in the presence of [Rus-O)(u-CH3zCO)s(Cpy)s)-
Steady-State Absorption SpectraAs shown in Figure PR (0.L mM) in Ar-saturated AN: @) 0.2 us and () 6 us. Inset:
3, characteristic absorption bands of jRug-O)(u-CH3;COy)s- Absorption-time profiles at 840 and 940 nm.

(cpy)]PFs were observed at 379 and 705 nm by controlled-

potential at 0 V. By applying negative potentiate500 mV, nm was almost a mirror image with the decay?ahTPP*
new absorption bands appeared at 480 and 943 nm, whichat 850 nm. Thus, it was clearly indicated that photoinduced
are attributed to the reduced form, [Rus-O)(u-CH3CO)s- electron-transfer occurs viZnTPP* as shown in eq 4.
(cpy)X]®. The absorption bands in the longer wavelength

rebgion are batt:jibu_tedh to hthe—dj trar:sitior;], while t.r;)ed 37nTPP*+ [Ruswg-o)w-CHZCOZ)GLgl*~

absorption bands in the shorter wavelength are ascribed to " 0

the cluster to ligand charge-transfer transition (CLCT), and ZnTPP™ + [Ruy(usO)u-CH,CO,)el 3] (4)
the third absorption band shorter than 350 nm is assigned to
a z—a* transition of the ligand?3335 The shifts of the
absorption peaks of [R(us-O)(u-CHsCO,)e(cpy)s]® to the
longer wavelength region compared with the corresponding
peaks of [Re(uz-O)(u-CH:COy)s(Cpy)]t were well ex-
plained in the literaturé?30.3%

The absorption peaks before and after applying negative
electric potentials—300 to —700 mV are summarized in
Table 1. The extinction coefficients)(of [Rus(us-O)(u-CHs-
CO)e(L)3]° were determined by comparison with the con-
sumption of [Ry(us-O)(u-CHsCO,)s(L)s]PFs. Since these
absorption bands are dramatically affected by the overall fluorescence of ZnTPP; . :
charge (formal oxidation state), it would be expected that In the case ofZnTBPc*, transient absorption spectra were

the photoinduced electron transfer can be easily monitoredohbtamed by thp} 532 ng Iasg_'ligc;:ht excitatiopn Of ZSTBPC in
with using the transient absorption spectra by monitoring the presence of [Riuz-O)(u-CHsCO,)s(CpYX]PFs in deaer-

the absorption bands in the visible and near-IR regions. ated AN as shown in Figl_JreIS. The absprption band appeared
Photoinduced Electron-Transfer ProcessesBy the at 480 nm after laser excitation was attributed@zoTBPc*’

excitation of ZnTPP in the presence of [Ris-O)(u-CHs- With the decay onnTBPp*, the absqrptlon bands appeared

CO,)s(cpy)s]PFs in deaerated AN with the laser light at 532 at 840 and 900 nm, which ?re aSS|g'ned ;0 ZnT‘BI%md

nm which predominantly excites ZnTPP (Supporting Infor- [Rus(us-O)(u-CHsCOz)e(cpy)], respectively?” The inserted

mation, Figure S1), the transient absorption spectra in thetime profile in Flgureo_s shows that ZnTBPcand [Ru‘('”i'

visible and near-IR regions were observed as shown in Figureo)(“'CH3C02)6(pr)3] Increase with the decay &nTBPc ;

4. Immediately after the laser light pulse, the transient The absorbance at 480 nm did not decay completely in the

- ; time region, because the absorption band of ZnTBPc
absorption bands appeared at 470 and 840 nm which can béonger
attributed to3ZnTPP*3% With concomitant decay ofZn- and the CLCT band of [Rius-O)(u-CHCOz)s(cpy)]® may

% ; be overlapping with that ofZnTBPc*. The rise curves of
TPP*, new absorption bands appeared at 900 and 650 nm
which are assigned to the absorption bands o{fR:O0)(u- ZnTBPc" and [Ru(us-0)(u-CH:CO)s(cpy)]® seem to be

CHsCOy)e(cpy)]? and ZnTPP, respectively. The absorption mirror images with the decay curve @&nTBPc*, indicating
time profiles (inset of Figure 4) show that the rise of the (38) Nyokong, T.; Gasyna, Z.; Stillman, M.1forg. Chem1987, 26, 548
absorption band of [Rius-O)(u-CHsCOy)s(cpy)s]® at 900 553.
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To confirm the transient species produced by the photolysis
of [Rus(us-O)(u-CH3sCOy)s(cpy)s]PFs, we tried to observe the
transient absorption spectrum by the nanosecond laser
excitation of [Ru(us-O)(u-CHsCOy)s(cpy)s]PFs; however, no
appreciable absorption band appeared as shown in Supporting
Information (Figure S2). Furthermore, the contribution of
the singlet excited state of ZnTPRZOTPP*) to the electron-
transfer process was considered to be small, because the
concentrations of [Ryfus-O)(u-CHsCO,)s(cpy)]PFs em-
ployed in the present study were too low to quench the
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Figure 5. Transient absorption spectra obtained by 532 nm laser photolysis
of ZnTBPc (0.05 mM) in the presence of [Kus-O)(u-CHszCO)s(cpy)sl-

PFs (0.1 mM) in Ar-saturated BN: @) 0.1 us and ©) 10 us. Inset:
Absorption-time profiles at 480, 840, and 940 nm, respectively.
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Figure 6. Decay time profile ofSZnTBPc* at 480 nm with changing
concentration of [Rg(uz-O)(u-CH3sCOy)s(cpy)]PFs (from upper, 0, 0.02,
0.10, 0.15, 0.20, and 0.30 mM). Inset: Pseudo-first-order plot.

that photoinduced electron-transfer occurs3@aTBPc* as
shown in eq 5.

3ZnTBPC* + [Ruy(us-O) (u-CH,CO,)el o] —
ZnTBP¢" + [Ruy(15-0)(u-CH,CO,)cL 4% (5)

Rates and Efficiencies of Electron TransferThe decay
curves ofZnTTP* and®ZnTBPc* in the insets of Figures 4
and 5 obeyed first-order kinetics under the condition of
[(ZnTBPc*|< [Rus(us-O) (u-CH3CO,)sl 3]PFs. The observed
first-order rate constantk4g9 increase linearly with the
concentration of [R(us-O)(u-CHsCO,)sl 3]PFs as shown in
Figure 6. The slopes of the pseudo-first-order plots yield the
second-order rate constar)(for bimolecular quenching
of 3ZnTTP* or 3ZnTBPc* with [Rus(u3-O)(u-CHsCOy)el 3]-

PFs. Thek, values were evaluated in the order oP 201

s ! as listed in Tables 2 and 3. For the same ligand and
solvent, thek, values for®ZnTTP* are almost the same as
those of¥ZnTBPc*. For the same solvent, tlkgvalues are
almost the same with the change of the ligands, whilékghe
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Figure 7. Plots of [[Ru(us-O)(u-CHzCOy)e(L)3]9/[3ZnTBPc*] vs [[Rus-
843-0)(6-)CH3C02)6(L)3]PF6]: for ligands, cpy @), PPh (a), py (@), and
map Q).

values are solvent dependent. In the present study, we used
three solvents, which have the following properties: highly
polar AN (es = 37.5) with less viscosityry( = 0.325), polar

BN (es= 25.2 andy = 1.111), and moderately polar solvent
DCB (es= 9.9 andy = 1.202)%¢ Since theAGgr values are
sufficiently negative (Tables 2 and 3), tkgvalues should

be close to the diffusion-controlled limitkds),%® which
depends on the solvent viscosity, although the estimiated
values in three solvents are smaller thankfzevalues by a
factor of Y/,—s.

The efficiency of electron-transfer can be calculated from
the ratio of the maximal concentration of the generated{Ru
(u3-O)(u-CH3CO,)sL 3] (abbreviated as [(R)P]maxy) to the
initial concentration ofZnTPP* or3ZnTBPc* (abbreviated
as PFzZnP*ii), which are calculated by employing the
observed absorbance and molar extinction coefficient (Table
1). The ratios are plotted against [Rus-O)(u-CHsCOy)el 3] *
as shown in Figure 7, in which the ratios saturate at the higher
concentration of [Re(us-O)u-CHsCOy)el 3] than at 0.1
mM.39'40

In general, the ratio can be expressed as a function of the
concentration of [Rfus-O)(u-CHsCO,)sL5]PFs as shown by
eq 64

[(RU) | mad [ZNPH] = Kerl(Ruy) V{ Ky + K [(Ruy) T} (6)

where ket refers to electron-transfer rate-constant via
8ZNTPP* or 3ZnTBPc* andkr to the intrinsic decay of
3ZnTPP* or3ZnTBPc* in the absence of [R{iz-O)(u-CHz-
CO,)eL3]PFs. Sincekr < kq[(Rus)*] as shown in Figure 6,
the right term of eq 6 becomes constdat/k,;. The saturated
value is defined as the quantum vyield for electron-transfer
(®e7) via 3ZnTPP or3ZnTBPc*. The ®gr values are less

(39) Najiri, T.; Alam, M. M.; Konami, H.; Watanabe, A.; Ito, Q. Phys.

Chem B 1997 101, 7943-7947.

(40) Itou, M.; Fujitsuka, M.; Araki, Y.; Ito, O.; Kido, HJ. Porphyrins
Phthalocyanine2003 7, 405-414.

(41) Yamanaka, K.; Fujitsuka, M.; Ito, O.; Aoshima, T.; Fukushima, T.;
Miyashi, T.Bull. Chem. Soc. Jpr2003 76, 1341-1349.
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Figure 8. Plots of logky (®), log ket (a), and @er (O) vs —AGer" for 0.00 | ] | ! et
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than ca. 0.7, which indicates that amounts<{1®gr) of Figure 9. Second-order plot for the decay of [Rus-O)(u-CHzCOy)e-

8ZnTPP* and3ZnTBPc* are deactivated without electron (cpy)l° at 940 nm in the presence of ZnTPHn deaerated AN. Inset:
transfer (Tables 2 and 3). Thr values vi?ZnTBPc* are  1'me profile.
higher than those vid&ZnTPP* for the same ligand and
solvent. The®er values were increased with the electron diminished by the back electron transfer after solvation as
withdrawing ability of ligands: cpy- PPh > py > dmap. free ions (eq 71243

The ket value of the electron-transfer process was esti-
mated from a relatiorker = kg x ®er; thus, theker values ZnTPPT + [Ru,(u5-0)(u-CH,CO,)L 4]
are less than thk, values, because thker values are less +
than ca. 0.7. ThE&ET values via®ZnTBPc* are larger than ZNTPP [RUs(uO)u-CHLCO)elol ™ (7)
those via®2ZnTTP*, which is mainly determined by the larger
®ervia3ZnTBPc*, because thie, values are almost the same
for both 3ZnTPP* and®ZnTBPc*. Theker values increase
wiéh the elr(]actron wlithdrawing ability of ligands in the same (115-0)(U-CHsCO)eL5)° (in Table 1), thekser=eo values
order as t &Per value. were evaluated to be (0-3.7) x 101° M1 s as listed in

To clarify the ligand effect, théq (@), ker (O), and Per Table 2. Thekgerse™ values were all close to thks
(a) values forZnTBPc* in AN are plotted against theGer" values®® which supports that the back electron-transfer
values as shown in Figure 8. Tkevalues are invariant with  ocess s endothermic as anticipated from the free-energy
theAGETT values, since thAGg1' values are aII.suff|C|entIy change of the back electron-transfer proceSde1), which
neggtlve .a.nd approach thes valges as predicted by the g equal to—AGr as listed in Table 2.
semiempirical RehmWeller equatior¥? On the other hand,
the ®gr values drastically decrease with an increase in the AGger = —AGgp (8)
AGegr" values, which are strongly dependent on tkg yalue
of the ligands. Thus, thie-r values are appreciably dependent  For ZnTBPc¢™, similarly slow decays of [Rifus-O)(u-
on the electron-withdrawing ability of the ligands. CH3CO)6L 3]° were observed and the valueskggrseco%or

In general, thePgr andker values are strongly affected the systems of [Rifus-O)(u-CHsCOy)el3]° and ZnTBPE"
by the solvent polarity; however, thegr andker values in -~ were evaluated in the region of{#) x 10° M1 s! (Table
AN are only slightly larger than those in BN and DCB. The 3), which are slightly smaller than those of ZnTFPPThis
small solvent effect of our electron-transfer systems can betrend may be related to the smalGger for ZnTBPc™*
attributed to the small Coulombic term between the radical compared with those for ZnTPR suggesting that the back
cations of donors and neutral Ru cluster in the electron electron-transfer process is in the normal region of the
transfer state. Such a small dependence of the solvent polaritMarcus parabol&:
is rather advantageous for constructing the photoinduced Energy Diagram. The energy diagram for electron- and
electron-transfer devices in films and solids. energy-transfer processes is schematically illustrated in

Back Electron-Transfer Processesin the long time scale ~ Figure 10 for ZnTPP and ZnTBPc, in which the energy
measurements, the transient absorption bands due t [Ru values were calculated relative to the ground state. The
(/43-Q)(14-CH3COZ)5(pr)3]O showed S!OW (.jecay afte_r rgaching (42) lto, O.; Sasaki, Y.; Yoshikawa, Y.; Watanabe JAPhys. Chenl995
maximal concentration as shown in Figure 9. Similar slow 99, 9838-9842.
decay was observed for ZnTPPSuch a slow decay of [Ru (43) Fugtsuka, M.; Luo, C; Ito, OJ. Phys. ChemB 1999 103 445~
(uz-O)(u-CH5COy)el5]° Obeyed second-order kinetics, which ., ‘(1;1) Marcus, R. A.; Sutin, N8iochim. Biophys. Acta985 811, 265
indicates that [Rg(us-O)(u-CH3sCO,)sL3]° and ZnTPP" are 322. (b) Marcus, R. AAngew. Chem., Int. EA.993 32, 1111-1121.

0 Kger2d

The slope of the line in Figure 9 gave the ratit{@&/eo),
in which €g denotes the molar extinction coefficients of Ru
(13-O)(u-CH3COy)eL3]° On employing the, values for [Ry-
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Figure 10. Schematic energy diagram for electron-transfer processeZmiEPP* and®ZnTBPc* in AN. [Rus(us-O)(u-CH3COy)e(L3)] is abbreviated as
[Rus(O)(OAC)L3].

energies of the triplet states of [Kus-O)(u-CHsCO,)sL 5)- of the laser flash photolysis measuring the transient spectra
PFs are evaluated to be 1.48 eV from the phosphorescencein this wavelength region was quite useful. For the triplet
spectra (Supporting Information, Figure S3); solvent effect excited photosensitizing donors, ZnTPP and ZnTBPc, the
and ligand effect on these energy levels of the excited triplet [Rus(uz-O)(u-CH3CO,)el 3] T acts as a good electron acceptor

states of [Rue(us-O)(u-CH3CO,)el3]PFs were small. From
this energy diagram, electron transfer VEnTPP* (€, =
1.53 eV) may take place competitively with energy-transfer
process Kent) from SZnTPP* to [Ru(us-O)(u-CH3CO,)e-
(cpy)]PFs. On the other hand, since energy transfer from
3ZnTBPc* to [Rus(us-O)(u-CHsCO,)sl3]PFs is uphill, elec-
tron transfer predominantly occurs. Thus, ter the ket
values fronfZnTBPc* (B = 1.13 eV) to [Ry(uz-O)(u-CHs-
CO,)6L3]PFs are larger than those frofZnTPP*; neverthe-
less, theAGgr' values are almost the same for ZnTPP and
ZnTBPc. The variation of thebegr and kgt values by

whose properties are controlled by several terminal ligands
and solvent polarities. The systems employed in this study
show reversible processes which mean that they could be
useful in building photosensitizing and electron mediation
systems to convert photoenergy to chemical energy or electric
energy.
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In the present study of photoinduced electron-transfer spectra of [Re(us-0)(u-CHsCO,)sL3]PFs. This material is available

involving oxo-acetato-bridged triruthenium cluster, -
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in the visible and near-IR regions, we proved that application 1C049114S
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