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Photoinduced electron-transfer and electron-mediation processes from the excited triplet state of zinc tetraphen-
ylporphyrin (3ZnTPP*) to the hexyl viologen dication (HV?*) in the presence of oxo-acetato-bridged triruthenium
clusters, [Rus(us-O)(u-CHsCO,)sLs]", have been revealed by the transient absorption spectra in the visible and
near-IR regions. By the nanosecond laser-flash photolysis of ZnTPP in the presence of HV?* and [Rus(us-O)-
(1-CH3COy)6L4]*, the transient absorption bands of the radical cation of ZnTPP (ZnTPP**) and the reduced viologen
(HV**) were initially observed with the concomitant decay of 3ZnTPP*, after which an extra electron of HV** mediates
to [Rus(us-O)(u-CH3CO,)eLs]", efficiently generating [Rus(us-O)(u-CH3CO,)sLs]° with high potential. Although back-
electron transfer took place between ZnTPP** and [Rus(us-O)(u-CHsCO,)sLs]® in the diffusion-controlled limit,
[Rus(us-O)(u-CH3CO,)eLs]® accumulates at a steady concentration upon further addition of 1-benzyl-1,4-
dihydronicotinamide (BNAH) as a sacrificial donor to re-produce ZnTPP from ZnTPP**. Therefore, we established
a novel system to accumulate [Rus(us-O)(u-CH3CO,)sLs]® as an electron pool by the excitation of ZnTPP as
photosensitizing electron donor in the presence of HV?* and BNAH as an electron-mediating reagent and sacrificial
donor, respectively. With the increase in the electron-withdrawing abilities of the ligands, the final yields of
[Rus(3-0)(1-CH3CO,)sLs] increased.

transfer systems aiming at artificial photosynthégiioto-
d catalysts,and hydrogen gas evolution from wathave been
studied to solve environmental problems. For conversion of

Introduction

Multinuclear metal complexes have recently attracte
considerable interest for supramolecular chemistry using the
characteristics of the coordination bonds; the multinuclear
metal complexes are widely applicable to nanometer-scale )
devices and active catalystThus, many kinds of the
multinuclear complexes containing two or more metals and
various types of ligand have been synthesized, and their
electrochemical, optical, and photophysical properties have
been widely studied.In particular, photoinduced electron-
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electron-transfer rate constanti) and quantum-yields
(Pe7) could be achieved by exchanging the terminal ligands
(L). In the case ofZnTPP*, however, the quantum vyields

of the electron-transfer process are not high because there
may be an excited energy deactivation proces¥ofTPP*

by [Rus(us-O)(u-CHsCO,)sl 3] T, competitive with the aimed
electron-transfer process.

Herein, we report an attempt to generate {®g-O)(u-
CH3CO,)6L3]° from [Rus(uz-O)(u-CHsCOy)el 3]t by an in-
direct method using an electron-mediating strategy, while
avoiding the deactivation process @nTPP* by [Ru(us-
O)(u-CH3:COy)6L 3] ™. For this aim, we selected the hexyl
viologen dication (HV¥") as an initial electron-acceptor
versus’ZnTPP* and as an electron-mediator to §Rig-O)(u-
CH3COy)eL 3] ™. For accumulation of [Rifus-O)(u-CHs-
COy)eL3]° as an electron pool, we revealed the usefulness
of 1-benzyl-1,4-dihydronicotinamide (BNAH) as a sacrificial
donor, which is converted to stable 1-benzyl-nicotinamidin-

the light energy to chemical energy, it is important to utilize jumion (BNA') after donating an electron to the radical
the charge-separated states generated after the photoexcitatiaghtion of ZnTPP (ZnTPP).

of the antenna molecules. Thus, it is quite important to

control these processes for the development of the efficientExperimental Section

molecular devices. To control these photochemical and

Materials. Commercially available acetonitrile (AN) and ben-

photophysical processes, multinuclear metal complexes such,itrile (BN), used as solvents, and 1-benzyl-1,4-dihydronico-

as [Ru(uz-O)(u-CH3COy)el3]™ (Chart 1) are interesting

tinamide (BNAH), used as a sacrificial donor, were the best grade

molecules because most of the characteristic properties inreagents. Tetra-butylammonium hexafluorophosphaten-Ca-
the absorption spectra and electrochemical studies of thisHg),N*PFs-), used as a supporting electrolyte in the electrochemical
type of cluster complex are quite sensitive to the terminal measurements, was recrystallized from ethyl acetate/benzene

ligand (L) and total charg®’

(1:1 v/v).° Zinc tetraphenylporphyrin (ZnTPPY,hexyl viologen

In the previous stud§we reported that the photoinduced ~Perchlorate (H¥*CIOZ2) 1 and [Ru(us-O)(u-CHaCO,)6l o PR>H42
intermolecular electron transfer from the triplet excited states Were prepared by the reported methods. As ligands, commercially

of zinc tetraphenylporphyrin®ZnTPP*) or zinc tetraert-

butylphthalocyanine3ZnTBPc*) could be used as photo-

sensitizing electron-donors to [§us-0)(u-CH3COy)sl 3] ™,
generating transiently [R(is-O)(u-CHsCO;)el3]°. Further-

available 4-cyanopyridine (cpy), triphenylphosphine (§Rbyridine

(py), and 4-(dimethylamino)pyridine (dmap) were employed.
Apparatus. Steady-state absorption spectra in the visible and

near-IR regions were measured with a Jasco V570 DS spectropho-

tometer. Nanosecond transient absorption measurements were

more, we demonstrated that the control of photoinduced carried out using a SHG (532 nm) of the Nd:YAG laser (Spectra-
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For measurements in the near-IR region (62200 nm), a
monitoring light from a pulsed Xe lamp was detected with a Ge-
avalanche photodiode (Hamamatsu Photonics, B2834). For transient
spectra in the visible region (4600 nm), a Si-PIN photodiode
(Hamamatsu Photonics, S172@2) was used a detector. Photo-
induced events in microsecond time regions were measured using
a continuous Xe lamp (150W) and an InGa”2IN photodiode
(Hamamatsu Photonics, G51250) as a probe light and detector,
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min.
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Figure 1. Transient absorption spectra of ZnTPP (0.05 mM) and#HV

(0.5 mM) after 532 nm laser irradiation in Ar-saturated AN. Inset:
Absorption-time profiles of3ZnTPP* at 460 nm and H¥ at 620 nm.
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Figure 2. Transient absorption spectra of ZnTPP (0.05 mM), Rt
0)(u-CHsCOy)s(cpy)]t (0.1 mM), and H\ (1.0 mM) after 532 nm laser

irradiation in Ar-saturated AN. Inset: Absorptietime profiles offZnTPP*
decay at 840 nm, HV at 620 nm, and [Rifcpy)s]° at 950 nm.

of [HV**])/[3ZnTPP*] using the observed maximal absorbance

absorption spectra in the visible and near-IR regions were anfilthefleportsed molar leti”Ction coefficierdg, m = 859?
observed as shown in Figure 1 using the excitation of ZnTPPM™* cm™* for 3ZnTPP**! and €20 nm = 11 000 M cm

in the presence of the HV in deaerated AN with the laser
light at 532 nm, which predominantly excites ZnTPP.
Immediately after the laser-light irradiation, the transient

for HV** 16 in AN. Thus, the rate constant for electron
transfer ker) can finally be calculated to be 14 10°° M1
st from the following relationker = kq x ®er.

absorption bands appeared at 460 and 840 nm, which can Using the oxidation potential of ZnTPE{ = 0.38 V vs

be attributed tZnTPP*12 With the concomitant decay of

Fc/Fc™ in AN), the reduction potential of H¥ (Eeq= —0.83

3ZnTPP*, a new absorption band appeared around 620 nm,V Vs FC/FC"in AN), and the lowest-energy level &nTPP*
which was assigned to the absorption band of the radical (Eoo= 1.53 €V), the free- energy change for electron transfer

cation of hexyl viologen (H¥").14 The absorption band that
remained around 440 nm can be attributed to both ZnTPP
and HV**. The absorption-time profiles (inset of Figure 1)
show that the appearance of the absorption band of ldV
620 nm corresponds to the initial decay®@hTPP* at 460

(AGer) was evaluated using the RehiWeller equation
(eq 27
—AGg; = Eoo — Eox T Brea T Ec (2)

whereE; (eV) refers to the Coulomb energy as calculated

nm. Thus, it was clearly indicated that photoinduced electron py eq 3

transfer occurs vidZnTPP* as shown in eq .

ker @,
*ZnTPP*+ HVZ' ——-ZnTPP" + HV'" (1)

The absorption intensity cZnTPP* at 460 nm did not
decay completely in the longer time region than causl
because the absorption tails of ZnTPRand HVt are
overlapping with that ofZnTPP* at 460 nm; thus, the slow
decay rate at 460 nm after ca.uks was the same of the
slow decay rate of HY at 620 nm, as shown in inset of
Figure 1. The initial decay rate oZnTPP* and rate of
increase of HV" gave the first-order rate-constants;4),
which increase with the concentration of added 2HY
resulting in the bimolecular quenching rate-constégjt ¢f
3ZnTPP* being 1.2x 10 M~! s71 from the pseudo-first-
order relation. The quantum yieldgr) for electron transfer

(eq 1) was evaluated to be 0.95 from the concentration ratio

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

(14) (a) Krumholtz, P.J. Am. Chem. Socl95], 73, 3487-3492. (b)
Kosower, E.; Cotter, J. LJ. Am. Chem. S0d 964 86, 5524-5527.

(c) Mohammed, MJ. Org. Chem1987, 52, 2779-2782.

(15) (a) Darwent, J. R.; Douglas, P.; Harriman, A.; Porter, G.; Richoux,
M.-C. Coord. Chem. Re 1982 44, 83—126. (b) Harriman, AJ.
Photochem1985 29, 139-150. (c) Parmon, V. N.; Lymar, S. V.;
Tevetkov, L. M.; Zamaraev, K. . Mol. Catal 1983 21, 353-363.

(d) Kagner, E.; Joselevich, E.; Willner, I.; Chen, Z.; Gunter, M. J.;
Gayness, T. P.; Johnson, M. R.Phys. ChemB 1998 102 1159
1165.

E, = (2, 2,)€%/23.06 X d,e, (3)
wherezp andz, refer to the effective charge of ZnTPP and
HV?2*, respectivelyd.. refers to the collision radius between
the two moieties, anek refers to the static dielectric constant
of AN. The AGgr value was determined to be0.30 eV,
supporting the exothermic reaction of eq 1.

For the long time-scale measurements,*H¥egins to
decay obeying second-order kinetics, which indicates that
the back-electron transfer takes place between ZnT&r]
HV** after they are fully solvated by AN (eq 4). The rate
constant for the back-electron transfesg) was determined
to be 1.0x 10° M~1 s7% in AN, which is close to the
diffusion-controlled limit kg = 1.9 x 10 M=% st in
AN).13

ky
ZnTPP' + HV*" == ZnTPP+ HV?" 4)

Electron-Mediating Process. The transient absorption
spectra observed by the selective excitation of ZnTPP, upon
addition of [Ru(usz-O)(u-CHsCO,)sL 3] ™ to the AN solution
containing ZnTPP and H&/, are shown in Figure 2. After
the absorption of H¥ at 620 nm reaches a maximal

(16) Watanabe, T.; Honda, K. Phys. Chem1982 86, 2617.
(17) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259-271.
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Table 1. Free-Energy Changes-AGwep), Rate Constantkfiep), Quantum Yields @uep), Total Quantum Yields®eret@) for the Generation of [Ru
3(us-O)(u-CH3CO)6(L)3]° via 3ZnTPP*, and Back-Electron Transfer Rate Constakis{"®) between [Ru(uz-O)(u-CH3CO)s(L)3]° and ZnTPPH 2

_AGMEDb (ev) kMED (M—l S—l) Dyept (I)ETtotaI d kBETfinal e (M—l S—l)
L solvent (HV*" — RusLs") (HV" — RugLs") (HV*" — RusLs") (3ZnTPP*— RugL3s™) (RugLs® — ZnTPPH)
cpy AN 0.53 8.7x 108 0.49 0.47 1.7 10w
PPh AN 0.48 7.4x 10° 0.32 0.30 1.7 10
py AN 0.37 5.9x 108 0.29 0.28 1.6x 100
dmap AN 0.18 5.8« 108 0.15 0.13 1.7 10
cpy BN 0.49 2.1x 108 0.41 0.39 5.2 1¢°
PPh BN 0.40 1.1x 108 0.34 0.32 4.0< 10°
py BN 0.29 1.2x 108 0.31 0.29 5.8 10°
dmap BN 0.08 2.% 107 <0.1 <0.1 (1.3x 1019

a Rug(us-0)(u-CH3COy)e(L)3 is abbreviated as Rus. ? The AGuep values were determined using the Rekwieller equatiod’ with Ereq = —0.83 eV
for HV2* vs Fc/Fd in AN and BN andEeq for [Rus(us-O)(u-CHsCOp)e(L)3] t.8 e = 1.1 x 10* M~ cm~! at 620 nm for HV.16 de =85 x 103 M1
cm~t at 840 nm for3ZnTPP*11b e The ¢ values reported in our previous regontere used to calculateser™?. f Estimation was difficult because of the

weak signal.

1 1 1 L 1

0.0 .
000 010 0.20

[Rug(L)]" / mM
Figure 3. Plot of the pseudo-first-order rate constant for decay of tHV

Vs [Rus(a-O)(u-CH3CO)s(Cpy)s] ™ in AN: [Rus(us-O)(u-CH3CO2)e(cpy)] ™
is abbreviated as [R(L3)]*.

0.30

concentration at ca. [s, which was generated idanTPP*
at 460 and 840 nm as shown in the spectrum at@.la

0.5

—_ ® cpy
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Figure 4. Relations between [R(us-O)(u-CH3zCO,)sL 3] /[HV **] and the
concentration of [Rg(L)3]* in AN for various ligands: [Re(us-O)(u-CHs-
COy)el 5] is abbreviated as [R(L)3]°.

energy changesAGuep) were evaluated as the differences
between the reduction potentials of F\Vand [Ru(uz-O)(u-

new broad absorption band appeared at 940 nm in theCH3C02)6L3]+, in which the latter values were reported in

spectrum observed ai&. The 940 nm band can be assigned
to [Rug(us-O)(u-CH3CO,)sL 3] %828 As shown in the inserted
time profile in Figure 2, the first electron-transfer step from
SZnTPP* to H\Z was completely finished within ca. s,

at which HV** reached the maximal concentration. With the
relatively slow decay of HY after ca. lus, the absorption
intensity of [Ru(us-O)(u-CHsCOy)sL 5]° increased. Therefore,
the generation of [Rifus-O)(u-CH3CO,)sl 5] is attributed

to the electron-mediation process from 1% [Rus(uz-O)(u-
CH3COy)eL3]™ as shown in eq 5.

+ kMED

HV" "+ [Ru,(us-O) (u-CH5CO,)4L 4l
HVZ" + [Ruy(u5-0)(u-CHyCO,)eL4° (5)

The observed first-order rate-constamtg) for the decay
of the absorption of HY at 620 nm and the absorption of
[Rus(us-O)(u-CHsCO,)el 5]° at 940 nm increase linearly with
the concentration of [Ryus-O)(u-CHsCO,)sl 3]t as shown
in Figure 3, indicating the pseudo-first-order relation for eq
5. From the slope of a linear line in Figure 3, the second-
order rate constankyep, was determined to be 8% 1C°
M~1s™1, when L= cpy. For other ligands, thieyep values
were similarly determined, as listed in Table 1. The free-

(18) (a) Walsh, J. L.; Baumann, J. A.; Meyer, Tlrbrg. Chim. Actal98Q
19, 2145-2151. (b) Toma, H. E.; Cunha, C. J.; Cipriano, |8org.
Chim. Actal988 154, 63—66.
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our previous papéetas listed in Table 1. In AN and BN, the
values of AGyep are all negative, allowing an exothermic
reaction. With an increase in the electron-withdrawing ability
of ligands (cpy> PPh > py > dmap), the exothermic energy
increases;th&vep values increase in the same order.

To evaluate the quantum yields of the electron-mediating
process ©vep), the ratio of [Ruy(uz-O)(u-CH3CO,)el 3]/
[HV-*] is plotted against the concentration of [fgus-O)(u-
CH3CO,)eL 3], as shown in Figure 4, in which the saturation
of the ratio was observed with increasing concentration of
[Rus(uz-O)(u-CH:COy)sl3]*. The saturated values were
attributed to theduep values, which are listed in Table 1.
The ®yep values increase with the electron-withdrawing
ability of the ligands. However, the evaluatégep values
are all less than 0.5, probably because*Hwas consumed
not only by the electron-mediating process (eq 5) but also
by the back-electron transfer to ZnTPReq 4).

The total quantum yieldsd{e°®) for the generation of
[Rus(uz-O)(u-CH3CO,)6L3]° on the basis ofZnTPP* were
calculated byDer x Dyep as listed in Table 1. Thegkgo®
values are larger than the corresponding quantum yields
(Deriec)8 for direct electron transfer frofZnTPP* to [Ru-
(uz-O)(u-CH3COy)el 5] ™ by a factor of 1.4-1.6. Therefore,
the photoinduced electron-mediating method employed in
the preset study is more effective than the direct method
without HV2"8 although the excitation of ZnTPP was
common for both methods.
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CH3CO,)e(cpy)] ™ was added by steps (0, 0.01, 0.02, 0.04, and 0.05 mM)
1.5 in the dark to the solution (3300 s) in Figure 6.
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Figure 6. Steady-state absorption spectra changes under photoirradiation Keer final
of ZnTPP (0.05 mM) in the presence of B¥(0.1 mM) and BNAH (0.1 BET

mM) in Ar-saturated AN.
Figure 8. Energy diagram for photosensitizing electron-transfer and

In the long time-scale measurements, {&e-O)(u-CHs- electron-mediating processes of ZnTPP,34Vand [Ru(L)3] "
CO;)eL5]° began to decay slowly after reaching a maximum Scheme 1. Photoinduced Processes of ZnTPP,
at ca. 10us as shown in Figure 5. The decay of Fu- [Rus(us-O)(u-CH3CO)6(L)3]+, and H\2*
0)(u-CHsCO;)6L3]° obeys second-order kinetics, suggesting S e e
that the bimolecular back-electron transfer takes place with X W g™

[Rus(p3-O)(-CH;CO,)eLy] |

kyen

ZnTPP* as shown in eq 6.

ZNTPP* + [Ruy(uy-O)(u-CH.CO,) L J0 2 ) TP ] ~(uoxcnconr)
3\M3” - 3 6
ZnTPP+ [Rug(ug-0)(u-CHyCO)(L)gl  (6) [ ot st
L___i transient species
From the slope of the second-order plots in the inset of () ssoummlated spacies

Figure 5, the final back-electron transfer rate constants )
(kse1™@ in eq 6) were evaluated as listed in Table 1. was evaluated by the RehrVeller equatioff to be 1.23

Upon the addition of BNAH as a sacrificial donor, the €V Which is lower than the energy level &InTPP*. The
back-electron transfer process of eq 2 is expected to be€nergy level of radical ions ZnTPPand [Ru(us-O)(u-CHs-
retarded by consuming ZnTPPwith BNAH. Indeed, the COy)eL3]° is even !ower than that of radical ions ZnTPP
accumulation of HY* was observed by the continuous and HV, supporting the easy electron-mediating process.
irradiation of ZnTPP in the presence of RiVand BNAH Finally, BNAH consumes ZnTPP, generating ZnTPP and
as shown in Figure 6, although in the absence of BNAH, BNA™/* leaving [Ru(us-O)(u-CHiCO,)elo]° as the sole:
such accumulation of HV was not observed. species, which is potentially higher than the starting species,

When [Ru(us-O)(u-CHsCO,)sls]* was added to this [Rus(us-O)(u-CHsCO)6l 3] . Therefore, [Ru(us-O)(u-CHs-
solution in the dark, the generation of [Rus-O)(u-CHs- CO)eL5]° can be act electron poor.

CO»)sL3]° was observed as shown in Figure 7. The concen-  These processes are illustrated in Scheme 1, which clearly
tration of [Rus(us-O)(u-CHsCO,)sL 3] increased with the  shows all the kinetic processes for the photosensitizing
concentration of [Ry(uz-O)(u-CH:CO,)sls]t under the electron-transfer and electron-mediating cycle. Therefore, we
conditions of [HV'] > [[Rus(us-O)(u-CHsCO;)sL 3] 1. Then, established a novel system to accumulate(ReO) (u-CHs-

we finally obtained persistent [Bfus-O)(u-CH3sCO,)sl 3]° CO,)6L3]° by the photoexcitation of ZnTPP as photosensi-
upon starting from the photoexcitation of ZnTPP in the tizing electron donor in the presence of H\as an electron-
presence of H¥, [Rus(uz-O)(u-CHsCO;)el3]PFs, and BNAH.

To understand the photosensitized electron-transfer pro-(19) (a) Fukuzumi, S.; Inada, O.; Suenobu,JT.Am. Chem. So2002

- . . 124, 14538-14539. (b) Zhu, X.; Li, H.; Qian, L.; Ai, T.; Lu, J.; Yang,
cesses, the energy diagram can be illustrated as shown in Y.. Cheng, JChem~—Eur. J. 2003 9, 871-880. (¢) Fukuzumi, S..

Figure 8. The energy level of radical ions ZnTPBnd HV* Inada, O.; Suenobu, T. Am. Chem. So@003 125 4808-4816.
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mediating reagent and BNAH as sacrificial donor to re- the tris-ruthenium complexes. For example, the application
produce ZnTPP from ZnTPP of the tris-ruthenium complex with high electron-accepting
ability removing the electron from the electrode surfice
may be possible under photoillumination.
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