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Photoinduced processes of a series of phosphorus tetraphenylporphyrin (PTPP) derivatives ([PTPP-
(NHCgH4X),] TCl~, X = OCH;s, CHs, H, CI, CR;, and CN) have been investigated by using femtosecond laser
flash photolysis mainly. PTPP with OH as an axial ligand showgéludrescence upon excitation of the

Soret band. The Sfluorescence lifetime was estimated to be 1.5 ps. On the other hand, peihdS3
fluorescence bands of PTPENHCsH,X), were difficult to observe, indicating the existence of an additional
deactivation process such as charge separation (CS). From MO calculation and cyclic voltammetry, PTPP
and the axial ligand are expected to act as an acceptor and a donor, respectively, upon excitation of PTPP.
CS via the g state was confirmed during the femtosecond laser flash photolysis by observing the transient
absorption of radical anion of PTPP. Furthermore, CS via thet@e of PTPP was also observed. The CS

rate via the $state was faster than that from thes$ate. The free energy dependence of the electron-transfer
rates was discussed on the basis of Marcus theory.

Introduction In the previous paper, we have investigated the CS and charge
) ) ) ) recombination (CR) processes gf&kcited SbTPP derivatives,
Nowadays, wide attention has been paid to light-energy i, which the donor was attached to SbTPP as an axial ligand,
conversion systems such as a solar cell sensitized by organioOy using femtosecond spectroscopic measurenfe@8.from
dyes! To improve the efficiency of the device, employment of he S state was successfully observed for a part of the
organic dye with a large absorption coefficient in a wide spectral compounds, while that from the, State was not confirmed.
range is essential. Usually, absorption spectra of organic dyeThys, a detailed electron-transfer mechanism was not cleared.
comprise various transitions. Thus, photoabsorption generates |, the present paper, we examined the CS and CR processes
various higher excited states as well as the lowest excited state;, ptpp derivatives (Figure 1). As in the case of SbTPP
Whe_n an electron donor and an acceptor are Iocate_d at CIOSederivatives, an axial ligand of PTPP acts as an electron donor,
proximity, electron _transfer occurs from th_e higher excited state indicating that the quite fast CS is possible because of the close
before the relaxation to the lowest excited sfahus, the royimity of donor and acceptor, even when the excited-state
electron transfer from the higher excited state seems be anjitetime is quite short. From the investigation on the CS via the
important subject to be cleared. However, the number of the S and S states and CR processes, a wide range of driving force

studies on electron transfer from the higher excited state is ratherdependence of the electron-transfer rate can be examined. Such
limited, because of the quite short lifetime of these intermediates. gyperiment is important, because one can elucidate character-

Intermolecular electron transfer from-8xcited zine-tetraphe- istics of the electron transfer from the State, which may be
nylporphyrin (ZnTPP) to solvent has been reported by Chos- gifferent from that from the Sstate.

rowjan et af2 Some intramolecular charge separation (CS)
systems via the Sstate using ZnTPP have been also repcited.
Recently, Mataga et al. have reported the systematic studies o
the intramolecular CS process of-&cited zine-porphyrin Materials. PTPP derivatives 1a—f) were synthesized as
derivatives, in which an electron acceptor is attached at the described in the Supporting Information. Compouddvas
meso-position of the porphyrin uriit.-f Hayes et al. reported  synthesized according to a previously reported procetaie.

the substitution position dependence of the CS ratefax8ited other chemicals were of the best commercial grades available.
ZnTPP derivatived9 These results indicate that the higher Apparatus. The fluorescence lifetime in the sub-picosecond
excited state is an important intermediate in various photoin- regime was measured using a fluorescence up-conversion
duced processes, including CS. method. The second harmonic oscillation (420 nm) of the output
of the femtosecond laser (Spectra-Physics, Tsunami 3941-
* To whom correspondence should be addressed. E-mail: majima@ M1BB; full width at half-maximum (fwhm), 80 fs; 840 nm)

nExperimental Section

Sa?'g’géokzat‘j?]}g-e?gig- pumped by a diode-pumped solid-state laser (Spectra-Physics,
* Chosun University. Millennia VllIs) was used to excite the sample in a cell with a
8 University of Miyazaki. 1.0 mm optical path length. The residual fundamental and the
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Figure 1. Molecular structure of PTPP derivatives in this study. 02 V\“ 3
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uorescence were focused in a BBO type | crystal to generate 300 400 500 600 700

a sum-frequency oscillation, which was detected by a photo-

multiplier tube (Hamamatsu Photonics, H8259) and a photon Figure 2. Normalized absorption spectra 2f(black) and1b (blue)

counter (Stanford Research. Systems, SR400) after pas.singand fluorescence spectradfred) in acetonitrile. Inset: Sluorescence
through a monochromator (Nikon G250). The cross-correlation decays of2 (red) and1b (blue). Bold lines are fitted curves.

time of the apparatus was 200 fs fwhm.

The sub-picosecond transient absorption spectra were meafjyorescence from the,State. Similar $fluorescence has been
sured by the pump and probe method using a regenerativelyyeported for other metal-including TPP®y using the fluo-
amplified titanium sapphire laser (Spectra Physics, Sp|tf|re_Pro rescence up-conversion measurement, the decay profile of S
F, 1 kHz) pumped by a Nd:YLF laser (Spectra Physics, fiyorescence was measured as indicated in the inset of Figure
Empower 15). The seed pulse was generated by the titaniumy The $ fluorescence o decayed according to the single-
sap'phlr.e laser mentioned above (800 nm). Tlhe second harmo”'féxponential function with 6.5¢ 101 51 of the rate constant.
oscillation (400 nm, 130 fs fwhm, 8J pulse™) of the output  Thys, the lifetime of the Sfluorescence of in acetonitrile
of the regeneratively amplified titanium sapphire laser was used a5 estimated to be 1.5 ps. The estimated value is similar to
as the excitation pulse. The excitation pulse at 550 nm was gpTpp (2.0 pd)but shorter than ZnTPP (3.5 [75).
generated by optical parametric amplifier (Spectra Physics, | the case olb, the fluorescence both from 8nd S states
OPA-800CF). A white light continuum pulse, which was \as difficult to observe. From the fluorescence up-conversion
generated by focusing the residual of the fundamental light to measurements, the Buorescence lifetime ofb was estimated
a flowing water cell after a computer-controlled optical delay, g pe 0.16 ps. The substantial decrease of thBuBrescence
was divided into two parts and used as the probe and thejifetime indicates that a new process other than internal
reference lights, of which the latter was used to compensate conyersion is included by introducing the axial ligands including
the laser ﬂuctuatlpn. Both probe qnd reference Ilg.hts Were N-phenyl groups, which have electron-donating nature. As for
directed to a rotating sample cell with 1.0 mm of optical path e g state of1b, the fluorescence lifetime was quite difficult
and detected with a CCD detector equipped with a polychro- {4 measure, because of low signal intensity. The absence of S
mator (Solar, MS3504). The pump pulse was chopped by a fiorescence also indicates the new deactivation pathway from
mechanical chopper synchronized to half of the laser repetition (o S-excited state. For other compounds, iXa,and 1c—f,
rate, resulting in a pair of spectra with and without the pump, poth § and S fluorescence bands were not observed. As the
from which the absorption change induced by the pump pulse ey deactivation pathway, electron transfer from the axial ligand
was esymated. o . . . to porphyrin ring is expected, because the axial ligand has an

Details of the pulse radiolysis are described in a previous electron-donating nature.

paper® ) MO and Redox Potentials. Figure 3 shows the energy
The steady-state absorption and fluorescence spectra Wergninimized structure ollb at the B3LYP/3-21G* level. PTPP

measured using a Shimadzu UV-3100PC and a Hitachi 850, ha5 4 distorted structure, because of the small radius of the
respectively. , , included P atom. LUMO is localized on the TPP ring. HOMO
EI_ectrochem|caI measurements were carried out in a con-jg g theN-phenyl group. HOMO-1 is on anothé¥-phenyl
ventional three-electrodes cell employing glassy carbon, plati- group of 1b, which is energetically degenerated with HOMO.
num, and Ag/AgNQ electrodes as working, counter, and LoMO-2 of 1b corresponds to HOMO of TPP ring. Thus, upon
reference electrode's, respectlvely. The potential was S‘?a””e%xcitation of the TPP ring, electron transfer from HOMO of
at 100 mV s using a potentiostat. All electrochemical 1 e theN-phenyl group, is expected. That is, PTPP and the
measurements were carried out with an acetonitrile solution N-phenyl ring are expected to act as an electron acceptor and a
containin_g 100 mM tetraethylammonium tetrafluoroborate after donor, respectively, in the electron transfer.
Ar bubbling. Table 1 summarizes the reduction potentialé@ff as well
as the oxidation potentials of the corresponding aniline deriva-
tives estimated by cyclic voltammetry. The oxidation potentials
Absorption and Fluorescence SpectrafFigure 2 shows of 1a—f were difficult to measure because of instability upon
absorption spectra & and 1b. Soret band and Q bands Bf oxidation. The oxidation potential varies according to the
appeared at 423, 549, and 590 nm, respectively. On the otherelectron-donating or -accepting nature of the substituent group
hand, those oflb were red-shifted to 429 and 568 nm, at the 4-position of theN-phenyl group. On the other hand,
respectively. These shifts are attributable to the interaction with variation of the reduction potential is rather small. The reduction
N atom of the axial ligand of PTPP. potential of the compounds corresponds to the reduction of the
Upon excitation of2 at the Q band, fluorescence bands TPP ring, while the oxidation potential is attributable to that of
appeared at 607 and 658 nm. The fluorescence quantum yieldthe N-phenyl group.
was estimated to be 0.036, which is comparable to that of ZnTPP  From the oxidation and reduction potentials listed in Table
(0.04)7 The fluorescence lifetime was 5.4 ns. On the other hand, 1, free energy changes for C&Gcs) upon S and S excitation
upon excitation at 420 nm, which corresponds to the Soret band,were evaluated as listed in Table 1. FgreScitation,—0.22 to
the fluorescence peak was observed at 434 nm, indicating the—0.76 eV ofAG¢s are expected. For all compounds, CS is an

Wavelength / nm

Results and Discussion
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Although the report on the radical anion of TPP is limited,
the observed radical anion of PTPP is quite similar to that of
SbTPP, which shows absorption around 710AfhThus, the
present absorption change would be a common spectral feature
for the radical anion of TPP.

Electron Transfer from the S, State. The photoinduced
process upon excitation to the Sate of PTPP was examined
by measuring the transient absorption spectra during the laser
flash photolysis using a femtosecond laser at 400 nm. Figure 5
shows transient absorption spectralofin acetonitrile during
the laser flash photolysis. Upon excitation, a transient absorption
peak appeared at 700 nm with (0.15P)f rate constant, with
the ground-state bleaching at 565 nm. The absorption band
around 700 nm indicates the generation of radical anion of
PTPP, that is, the charge-separated statébpfbecause the
observed peak agreed well with that observed during the pulse
radiolysis (Figure 4). The observed spectral shape is quite
different from that of the excited state of PTPP, which is shown
in the Supporting Information. Furthermore, the generation rate
agreed well with the Sfluorescence decay rate indicated in
the above section. These results indicate that CS occurred from
the S state,

[PTPP(NHGH,CH,)]*(S,)~NHC4H,CH, —
[PTPP(NHGH,CH.)]'—(NHCH,CH,)™" (1)

The rate constant of CS from the Sate kcs,) was estimated
according to

kcg = Kops — 1/732,2 2)

wherekypsandrs, are the observed generation rate of the radical

anion of PTPP and the,Sluorescence lifetime o, respec-

tively, based on the assumption that the internal conversion rate

and radiative rate of the,®xcited-state ola—f are the same

as those oR. Furthermore, the quantum yield for CS from the
LUMO S, state (Pcs,) was estimated by

Figure 3. HOMO and LUMO of1b calculated at the B3LYP/3-21G*

level. Qg = kC%/kobs 3

exothermic process. _UpOQ 8xcitation,—1.58 to—1.04 eV of The estimatedtcs, and®cs, values are listed in Table 2. The
free energy change is expected. A larger free energy change,mation of the CS state from the State was also confirmed
for ; excitation can be attributed to the larger excitation energy ¢, 14 and1c—f in acetonitrile. Except fole the CS from the

of the S state. Table 1 also listed the free energy changes for g, giate s a rather efficient pathway. The present fast CS from
the CR process\Gcg), which are slightly larger than th&Ges the ligand can be attributed to high electron density at N of the
values from the Sstate. Thus, by estimating these rate constants, ligand in HOMO. The close proximity of the portion with high

a relatively wide range of free energy change dependence Ofgectron density in HOMO to the PTPP enables the fast CS via
the electron-transfer rate can be examined. the S state in spite of a quite short Sfetime.

Radical Anion of PTPP. As discussed in the above sections, The generated radical ion pair decayed according to the
the PTPP ring is expected to act as an electron acceptor uporsingle-exponential function. After the decay of the charge-
photoexcitation of the PTPP ring. To confirm CS upon excita- separated state, transient absorption attributable to other species
tion, observation of the radical anion of PTPP is essential, was not confirmed. Thus, it was indicated that, after the CS,
although the absorption spectrum of the radical anion of PTPP the generated charge-separated state decayed to the ground state
has not been reported. Thus, we tried to observe the radicalpy CR. The CR ratekcg,) was summarized in Table 2. The
anion of PTPP by transient absorption measurement during thelifetime of the charge separated state was 643 ps.
pulse radiolysis, because the reducing agent generated during Electron Transfer from the S; State.By using the 550 nm
the pulse radiolysis is quite strong. Figure 4 shows the transientfemtosecond laser pulse, the photoinduced process fromythe S
absorption spectra & in dimethylformamide (DMF) obtained  state of PTPP derivatives was investigated. Figure 6 is the
during the pulse radiolysis. Immediately after the electron pulse transient absorption spectratif obtained during the laser flash
irradiation, the transient absorption showed quite broad absorp-photolysis using the 550 nm laser pulse, which excites at the
tion attributable to solvated electron in DMF. A after the Q-band of PTPP. Upon excitatiorlb shows a transient
electron pulse, the absorption band showed a peak around 69@&bsorption band attributable to the radical anion of PTPP at 700
nm, which can be assigned to the radical anion of PTPP, which nm. It is notable that the radical anion appeared quite rapidly
is generated by capturing an electron from the solvent. within almost the pulse duration of the excitation lased (0
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TABLE 1: Oxidation and Reduction Potentials and Free Energy Changes for Charge Separation and Recombination of PTPP
Derivatives ([PTPP—(NHC¢H4X),]TCI7)

X Eox. 2V Ereq ¥V —AGcs eV —AGcsf/eV —AGcr/eV
la OCH; 0.34 —0.94 0.76 1.58 1.28
1b CHz 0.52 —0.92 0.60 1.42 1.46
1c H 0.68 —0.91 0.45 1.27 1.59
1d Cl 0.72 —0.86 0.46 1.28 1.58
le Ck 1.00 —0.82 0.22 1.04 1.82
1f CN 1.03 —0.74 0.27 1.09 1.77

aV vs Agt/Ag. ? Oxidation potential of corresponding aniline derivativeAGcs values are estimated usifgGcs = Eox. - Ereq. - Eo, WhereEy
is excitation energy. As ;Sand $ energies, those d@ (2.04 and 2.86 eV, respectively) were employed, because of the absengeand S
fluorescence ofla—f. Subscripts 1 and 2 of free energy changes denote tle@& S excitation, respectively.

0.08 TABLE 2: Charge Separation (kcs, and kcs,) and
Recombination (kcr, and kcgr,) Rate Constants of PTPP

0.06 Derivatives Observed by $ and S, Excitations?
5 0.04 10 %eslst 10 %kerf/s™  107%%kes st 10 1% /st
o la 13(1.0) 2.6 6.4 (0.90) 1.9
< 0.02 b 7.9(1.0) 2.1 6.1 (0.90) 1.7
lc  14(1.0) 0.57 3.5(0.83) 0.70
0.00 1d 9.3 (1.0 0.93 4.0 (0.83) 1.2
5 le 10(1.0) 0.21 1.0 (0.59) 0.24
0800 650 700 750 800 1f 7.3(1.0) 0.25 3.5(0.83) 0.21
Wavelength / nm 2 Subscripts 1 and 2 of rate constants denote @8 S excitation,

respectively? Numbers in parentheses are quantum yields for charge

Figure 4. Transient absorption spectra®fn DMF during the pulse separation cs, and ®cs,).

radiolysis. The black and red lines are the spectra at 0 ns arsl 5

after the electron pulse, respectively. @) 0.06
a
S 002
) <
S0.004
< B 0.00
-0.02
0:000 550 600 650 700 750
' ; ' ' Wavelength / nm
550 600 650 700 750 o568
Wavelength / nm (B) s 0.04F
y 0.03F
- c .
(8) 0.008 B ..
S 0.004 = < 001F s
30.004 ‘/f\c\, ;. | S : AT YT IV P
K500 (0) O A - Prfoacaog, 05 00 05 10 15 20
0.5 OIO 0I5 1I0 1I5 2I0 Time/10™s
= i i Ly : Figure 6. (A) Transient absorption spectra-af.1, 0, 0.1, and 0.2 ps
Time /10 s of 1b in acetonitrile during the laser flash photolysis using 550 nm

Figure 5. (A) Transient absorption spectra &0.1, 0, 0.1, 0.2, 0.3, laser pulse (fwhm, 100 fs). (B) Kinetic trace ADD at 700 nm during
and 0.4 ps oflb in acetonitrile during the laser flash photolysis using the laser flash photolysis. Triangles indicate the kinetic trace obtained
400 nm laser pulse (fwhm, 100 fs). (B) Kinetic trace/o®D at 700 by 400 nm excitation.

nm during the laser flash photolysis.

are discussed on the basis of the Marcus thébhy.Figure 7,
fs). For comparison, kinetic traces afOD at 700 nm upon S the observed electron-transfer rates are plotted against the free
and S excitation are indicated in Figure 6B. This result indicates energy changes. Usually, the electron-transfer rate depends on
faster CS from the Sstate than that from the,State. Quite the free energy change according to
fast CS from the Sstate was also confirmed with other PTPP
derivatives. The rate constard:§,) and quantum yield®cs)
for the CS via the Sstate were estimated by manners similar .
to those in eqs 2 and 3, respectively. Because of the quite fastkET B

— VP (€ SSTm) x

2

CS, the®dcg, is unity for all compounds. hoAkeT m

After the CS, the charge-separated state showed decay due (As+AG+ m’ﬂu[ﬂz
to CR generating the corresponding ground stigg, was expg — (4)
summarized in Table 2. THeg, values are essentially the same 4k T
as thekcg, values.

Free Energy Change Dependence of Electron-Transfer A= ez(i + 1 1)(l — _1) (5)
Rate. The observed electron-transfer rates, ilkes and kcg, 2rp 2ty T\n? €
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In eq 4,1s is the solvent reorganization energy given by eq
5, V is the electronic couplingS is the electron-vibration

coupling constant given by eq @plis the averaged angular
frequency. In eq 5tp, ra, r, andn are donor radius, acceptor

Fujitsuka et al.

Estimation of the molecular geometry in the excited state is
a quite difficult task both in the experimental and theoretical
methods. Although we tried to estimate the molecular geometry
in the excited states by using theoretical calculation, these
attempts failed, even for simplified molecular structures. The
reliable calculation of the large molecule in the higher excited
states will be a future target. Still, the present experimental

radius, center-to-center distance, and refractive index, respecresults indicate that the electron transfer in the higher excited

tively. In eq 6,4y is the internal reorganization energy. From
Figure 3, thep, ra, andr values were estimated to be 2.1, 4.2,
and 3.0 A, respectively. Using these values, tg&value was

state should be treated by a different manner from that from
the lowest excited state.

estimated to be 0.18 eV. In Figure 7, eq 4 was calculated as aConclusion

red line by assumingy, V, andhldCare to be 0.57, 0.035, and
0.15 eV, respectively. The calculated curve well-reproduced the
kes,, Kery, andkeg, values. That is, CS from the; State is in

the top region, while CRs in the inverted region. On the other
hand, although thé&cs, values are located at close position to
the red line,kcs, values become larger as theAGcs value
increases, indicating that tikes, values are in the normal region

Upon excitation of the Soret band of the PTPP derivatives,
the charge-separated state was generated efficiently in spite of
the quite short lifetime of the ;Sstate. Efficient CS can be
attributed to the high electron density of the N atom of the
ligand. The CS rate via the; State was faster than that from
the S state. Furthermore, the CS rate from thesfte was

of another parabola. This fact suggests that the total reorganiza-€xPlained on the basis of a differeiy value from that of the

tion energy for CS from the State is larger than that from the

S; state. This result possibly indicates a different molecular

S, state, probably because of a difference in molecular structureStructure in the Bstate from that in the Sstate.

inthe S and $ states, which causes a difference inthevalue.
The large difference in thés value cannot be expected. In
Figure 7, the blue curve was obtained by just changinglthe
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transfer from the Sstate of porphyrins are limitetiMataga et
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al. investigated free energy change dependence of the electron-

transfer rate from the Sexcited zinc porphyrin derivatives, in
which zinc porphyrin acts as an electron doffof. They showed

Supporting Information Available: Synthesis ofla—f and
transient absorption spectrumfn acetonitrile. These materi-

that the observed electron-transfer rates were well-reproduced?!S are available free of charge via the Internet at http://

by the Marcus theory assuming 0.3 eV A&f, which is much
smaller than the value employed in this study. Although they
have not examined CS from the Sate of the same compounds,
the Ay values for electron transfer from the variouseXcited
zinc porphyrin derivatives have been reported to be-0.8
V,22which is similar to thely for electron transfer from the,S
state reported by Mataga et al. Thus, the zinc porphyrin
derivatives, which have a planar structure, do not have large
structural differences between thed®d S states. On the other

hand, the present PTPP derivatives have a distorted structure
in the ground state, as indicated in Figure 3. The excited PTPP

pubs.acs.org.

References and Notes

(1) For example; (a) O’'Regan, B.; Graetzel, Nature1991, 353 737.
(b) Hagfeldt, A.; Graetzel, MAcc. Chem. Re00Q 33, 269.

(2) (a) Lenzmann, F.; Krueger, J.; Burnside, S.; Brooks, K.; Graetzel,
M.; Gal, D.; Ruehle, S.; Cahen, D. Phys. Chem. BR001, 105 6347. (b)
Huber, R.; Moser, J. E.; Graetzel, M.; WachtveitlJ JPhys. Chem. B002
106, 6494. (c) Pelet, S.; Graetzel, M.; Moser, JJEPhys. Chem. B0O03
107, 3215.
(3) (a) Chosrowjan, H.; Taniguchi, S.; Okada, T.; Takagi, S.; Arai, T.;
Tokumaru, K.Chem. Phys. Lett1995 242 644. (b) LeGourreec, D.;
Andersson, M.; Davidsson, J.; Mukhtar, E.; Sun, L.; Hammanstro. J.

possibly takes different structures depending on the excited statephys. Chem. A1999 103 558. (c) Andersson, M.; Davidsson, J.:

from the ground state, in order to reduce instability in the excited
state. Such structural change causes the difference inthe
values.

10° F
© 107
_\:IE

1011

10
10
0.0 0.5 10 15 2.0
-AG [ eV

Figure 7. Free energy change-(AG) dependence of the electron-
transfer ratekgr, i.e., kes (filled mark) andkcr (opened mark)) of PTPP
derivatives upon excitation to, $circle) and $ (triangle) states. Solid
lines were calculated using eq 4 in the text by assumiyg 0.18 eV,
V = 0.035 eV,Alo0= 0.15 eV, andly = 0.57 eV for S excitation
(red line) and 1.65 eV for Sexcitation (blue line).

Hammarstien, L.; Korppi-Tommola, J.; Peltola, T. Phys. Chem. B999
103 3258. (d) Mataga, N.; Chosrowjan, H.; Shibata, Y.; Yoshida, N.; Osuka,
A.; Kikuzawa, T.; Okada, TJ. Am. Chem. So001, 123 12422. (e)
Mataga, N.; Chosrowjan, H.; Taniguchi, S.; Shibata, Y.; Yoshida, N.; Osuka,
A.; Kikuzawa, T.; Okada, TJ. Phys. Chem. 2002 106, 12191. (f) Mataga,
N.; Taniguchi, S.; Chosrowjan, H.; Osuka, A.; Yoshida, Chem. Phys.
2003 295, 215. (g) Hayes, R. T.; Walsh, C. J.; Wasielewski, MJRPhys.
Chem. A2004 108 2375.

(4) Fujitsuka, M.; Cho, D. W.; Shiragami, T.; Yasuda, M.; Majima, T.
J. Phys. Chem. B006 110, 9368.

(5) (a) Kunimoto, K.; Segawa, H.; Shimidzu, Tetrahedron Lett1992
33, 6327. (b) Andou, Y.; Ishikawa, K.; Shima, K.; Shiragami, T.; Yasuda,
M.; Inoue, H.Bull. Chem. Soc. Jpr2002 75, 1757.

(6) Fujitsuka, M.; Cho, D. W.; Tojo, S.; Yamashiro, S.; Shinmyozu,
T.; Majima, T.J. Phys. Chem. 2006 110, 5735.

(7) Murov, S. L.; Carmichael, I.; Hug, G. IHandbook of Photochem-
istry, 2nd ed.; Dekker: New York, 1993.

(8) As areview: Tokumaru, KJ. Porphorins Phthalocyaninez001,
5, 77.

(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,



S,-Electron Transfer irP-Tetraphenylporphyrin J. Phys. Chem. A, Vol. 111, No. 42, 20010579

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.; (11) (a) Marcus, R. AAnnu. Re. Phys. Chem1964 15, 144. (b)
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Marcus, R. A.; Sutin, NBiochim. Biophys. Acta985 811, 265. (c) Marcus,
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; R. A. Angew. Chem., Int. Ed. Engl993 32, 1111.
Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, (12) (a) Gaines, G. L., Ill; O'Neil, M. P.; Svec, W. A.; Niemczyk, M.
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. P.; Wasielewski, M. RJ. Am. Chem. Sod.991 113 719. (b) Asahi, T.;
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. Ohkohchi, M.; Matsusaka, R.; Mataga, N.; Zhang, R. P.; Osuka, A.;
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;  Maruyama, KJ. Am. Chem. So&993 115 5665. (c) Heitele, H.; Alinger,
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, F.; Héerle, T.; Michel-Beyerle, M. E.; Staab, H. A. Phys. Cheml994
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; 98, 7402. (d) DeGraziano, J. M.; Liddell, P. A.; Legett, L.; Moore, A. L,;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Gadussian Moore, T. A.; Gust, D.J. Phys. Chem1994 98, 1758. (e) Haerle, T.;
03, Revision C.02; Gaussian, Inc.: Wallingford, CT, 2004. Hirsh, J.; Pdinger, F.; Heitele, H.; Michel-Beyerle, M. E.; Anders, C.;
(10) Shiragami, T.; Tanaka, K.; Andou, Y.; Tsunami, S.; Matsumoto, Dohling, A.; Krieger, C.; Rekemann, A.; Staab, H. Al. Phys. Chem.
J.; Luo, H.; Araki, Y.; Ito, O.; Inoue, H.; Yasuda, Ml. Photochem. 1996 100, 18269. (f) Osuka, A.; Noya, G.; Taniguchi, S.; Okada, T
Photobiol., A.2005 170, 287. Nishimura, Y.; Yamazaki, |.; Mataga, NChem. Eur. J200Q 6, 33.



