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Photoinduced processes in zinc porphyi@y, dyad (ZnP-Cgp) in different organic solvents have been
investigated by fluorescence lifetime measurements and pico- and nanosecond time-resolved transient absorption
spectroscopies. Irrespective of the solvent polarity, the charge-separated state-(ZgP) is formed via
photoinduced electron transfer from the excited singlet state of the porphyrin tggh®e@ty. However, the

resulting charge-separated state decays to different energy states depending on the energy level of the charge-
separated state relative to the singlet and triplet excited states ofgingot@ty. In nonpolar solvents such as
benzened; = 2.28), the charge-separated state undergoes charge recombination to yiglgsthgl€t excited

state, followed by intersystem crossing to thg tCiplet excited state, since the energy level of the charge-
separated state is higher than that of thg €inglet excited state (1.75 eV). More polar solvents such as
anisole €& = 4.33) render the energy level of the charge-separated state lower thag thiedlet excited

state, resulting in the direct formation of theo@riplet excited state (1.50 eV) from the charge-separated
state, formed by the photoinduced charge separation from the porphyrin tagdisen@let excited state as

well as from the porphyrin excited singlet state to thg. G polar solvents such as benzonitrilg £ 25.2),

where the energy level of the charge-separated state (1.38 eV) is low compared witf thelet excited

state, the charge-separated state, produced upon excitation of the both chromophores, decays directly to the
ground state. Such solvent dependence of charge recombination processes @xZsdh be rationalized by

small reorganization energies of porphyrins and fullerenes in electron-transfer processes.

Introduction been reported to produce the charge-separated states even in
nonpolar solvent&c6e8c.9b11.13cmost other systems have
exhibited direct singletsinglet EN from the porphyrin to the
fullerene moiety in nonpolar solvents such as toluene-(2.38)

and benzene{= 2.28). Thus, a systematic study on the solvent-
dependent change in the charge separation (CS) and CR

Excited-state properties and photoinduced electron transfer
(ET) reactions of covalently linked doneacceptor systems
have been extensively studied to mimic photosynthetié Efie
fundamental strategy in mimicking photosynthesis involves
a%glﬁﬁ“ggr%fcmglrt"s}f F; IeE ;—n?: do(f:c}gtrrlgg?;;?;?a;gg?izgr? Cn ee rg)y processes in porphyriffullerene linked systems has yet to be
achieve small reorganization energy in ET systems, since thereported.
charge recombination (CR) processes can be markedly deceler- This study reports detailed solvent dependence of both CS
ated by shifting the energetics deep into the Marcus inverted and CR processes in porphyfi€@s dyad (ZnP-Cso) (Figure
region, where the driving force(AG?%y) is larger than the 1). A porphyrin is connected togg; with a relatively rigid spacer
reorganization energy of E¥In this context, utilization of [the edge-to-edge distancB.f) = 11.9 A and the center-to-
fullerenes as an electron acceptor has been demonstrated to beenter distanceR;) = 18.0 A] so that the photodynamics can
very effective? because of the small reorganization energies of be analyzed at a fixed distance between the porphyrin apd C
fullerenes in ET The most extensively studied fullerene-based moieties. The photodynamical processes have been studied by
systems are porphyrin-linked fullereres? where a porphyrin  fluorescence lifetime measurements and pico- and nanosecond
is used as an electron donor as well as a sensitizer. In thes@aser flash photolysis. These flash photolysis experiments will
studies, both photoinduced energy transfer (EN) and ET havereyeal the spectral characteristics of the zinc porphyrin radical
been reported to occur. It is well established for porphyrin  cation (znP*) and the G radical anion (G ~) moieties in the
Ceo systems that the charge-separated state is formed in polaicharge-separated state in benzene, anisole, and benzonitrile. In
solvents via photoinduced BT Although some systems have addition, the G and porphyrin triplet excited states can be
monitored by nanosecond flash photolysis. Complementary
*Authors for correspondence. E-mail: imahori@ap.chem.eng.osaka- information on the excited singlet states of the porphyrin and
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! aﬁi,‘;ti'nj’g}gﬂscﬁeﬁqiﬂ;’}cggac‘fiof‘g’gﬁgg° em-eng.osaka-u.aclp the Gso will be provided by the fluorescence lifetime experi-
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Figure 1. Structures of molecules.

Experimental Section

Materials. ZnP—Cgg!® was obtained by 1,3-dipolar cycload-
dition using the corresponding porphyrin aldehyéi®orphyrin
reference (ZnPref) was prepared by the coupling reaction of
5-(4-carboxyphenyl)-10,15,20-tris(3,5-drt-butylphenyl)por-
phyrin and 4-methylaniline, followed by treatment with Zn-
(OAC),. Cqo reference (go—refl3) was synthesized from 3,5-
di-tert-butylbenzaldehydéy-methylglycine, and & by the same
method as described for ZafCs.

Structures of all new compounds were confirmed by spec-
troscopic analysis includingH NMR, infrared (IR), and fast
atom bombardment (FAB) mass speéfrdetrabutylammonium

Imahori et al.

1146 (M+ H™); Fourier transform IR (KBr) 3059, 2962, 2905,
2869, 2364, 2345, 1804, 1686, 1658, 1593, 1519, 1493, 1477,
1425, 1406, 1398, 1363, 1340, 1316, 1290, 1247, 1219, 1205,
1069, 1001, 947, 930, 899, 883, 823, 797, 759, 745, 718, 508
cmL,

Spectral MeasurementsTime-resolved fluorescence spectra
were measured by a single-photon counting method using a
second harmonic generation (SHG, 410 nm) of a Ti:sapphire
laser [Spectra-Physics, Tsunami 3950-L2S, 1.5 ps full width
at half-maximum (fwhm)] and a streakscope (Hamamatsu
Photonics, C4334-01) equipped with a polychromator (Acton
Research, SpectraPro 150) as an excitation source and a detector,
respectively.

Picosecond laser flash photolysis was carried out using SHG
(532 nm) of active/passive mode-locked Nd:YAG laser (Con-
tinuum, PY61C-10, fwhm 35 ps) as the excitation light. A white
continuum pulse generated by focusing the fundamental of the
Nd:YAG laser on a RPO/H,O (1:1 volume) cell was used as
monitoring light. The visible monitoring light transmitted
through the sample was detected with a dual MOS detector
(Hamamatsu Photonics, C6140) equipped with a polychromator
(Acton Research, SpectraPro 150). For detection of the near-
IR light, an InGaAs linear image sensor (Hamamatsu Photonics,
C5890-128) was used as a detector. The spectra were obtained
by averaging 80 events on a microcomputer. The time resolution
of the present system was ca. 35 ps.

Nanosecond transient absorption measurements were carried
out using SHG (532 nm) of Nd:YAG laser (Spectra-Physics,
Quanta-Ray GCR-130, fwhm 6 ns) as an excitation source. For
transient absorption spectra in the near-IR region {60800
nm), monitoring light from a pulsed Xe lamp was detected with
a Ge-avalanche photodiode (Hamamatsu Photonics, B2834).
Photoinduced events in micro- and millisecond time regions
were estimated by using a continuous Xe lamp (150 W) and an
InGaAs-PIN photodiode (Hamamatsu Photonics, G5128)

hexafluorophosphate used as a supporting electrolyte for theas 5 probe light and a detector, respectively. Details of the
electrochemical measurements was obtained from Tokyo Kaseiyansjent absorption measurements were described elsetthere.
Organic Chemicals. Benzene, anisole, and benzonitrile were p| the samples in a quartz cell (& 1 cm) were deaerated by

purchased from Wako Pure Chemical Ind., and purified by
successive distillation over calcium hydride.

ZnP—Ref. A solution of 5-(4-carboxyphenyl)-10,15,20-tris-
(3,5-ditert-butylphenyl)porphyrit® (200 mg, 0.207 mmol),
pyridine (0.33 mL, 4.32 mmol), and thionyl chloride (0.095 mL,
0.648 mmol) in benzene (30 mL) was refluxed for 1 h. The
excess thionyl chloride and solvents were removed under

reduced pressure and the residue was redissolved in benzen

(20 mL). This solution was added to a stirred solution of
4-methylaniline (23.0 mg, 0.215 mmol) in benzene (10 mL)
and pyridine (1 mL), and the solution was stirred for 12 h. The
solvent was removed under reduced pressure. Flash colum
chromatography on silica gel with benzeri® € 0.35) as an
eluent and subsequent reprecipitation from benzewetonitrile
gave a vivid reddish-purple solid. A saturated methanol solution
of Zn(OAc), (3 mL) was added to a solution of the resultant
solid in CHCE (30 mL) and refluxed for 30 min. After cooling,
the reaction mixture was washed with water twice, dried over
anhydrous Nz50y, and then the solvent was evaporated. Flash
column chromatography on silica gel with benzeRe=t 0.30)

as an eluent and subsequent reprecipitation from benzene
acetonitrile gave ZnPref as a deep red-purple solid (72% vyield,
171 mg, 0.149 mmol); mp= 300 °C; IH NMR (270 MHz,
CDCl) 6 9.02 (d,J = 5 Hz, 2H), 9.01 (s, 4H), 8.90 (d, =5

Hz, 2H), 8.37 (dJ = 8 Hz, 2H), 8.22 (dJ = 8 Hz, 2H), 8.09
(m, 7H), 7.79 (m, 3H), 7.66 (d] = 8 Hz, 2H), 7.27 (d) =8

Hz, 2H), 2.40 (s, 3H), 1.53 (s, 54H); mass spectrometry (FAB)

bubbling argon through the solution for 15 min.

Steady-state absorption spectra in the visible and near-IR
regions were measured on a Jasco V570 DS spectrophotometer.
Fluorescence spectra were measured on Hitachi 850 spectro-
fluorophotometer.

Electrochemical Measurements.The cyclic voltammetry
measurements were performed on a BAS 50 W electrochemical
gnalyzer in deaerated benzonitrile solution containing 0.10 M
BusNPFR; as a supporting electrolyte at 298 K (100 mW)s
The glassy carbon working electrode was polished with BAS

olishing alumina suspension and rinsed with acetone before

se. The counterelectrode was a platinum wire. The measured
potentials were recorded with respect to an Ag/AgCI (saturated
KCI) reference electrode.

Results and Discussion

Steady-State Absorption and Fluorescence StudieBigure
2 shows absorption spectra of ZnBg, and the references
(ZnP—ref and Gg—ref) in benzonitrile. The absorption spectrum
of ZnP—Cg in benzonitrile is virtually the superposition of the
spectra of the individual chromophores, indicating that there is
no evidence for strong interaction between the chromophores
in the ground state. Similar results were obtained in benzene
and anisole.

Steady-state fluorescence spectra of 2l and the refer-
ences (ZnPref and Go—ref) were measured in benzene,
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Figure 2. (a) Absorption spectra of ZrFCs (solid line), ZnP-ref
(dotted line), and g—ref (dashed line) in benzonitrile. (b) Spectra are
expanded by a factor of 10 along vertical axis. Spectrum of a
superposition of ZnPref and Go—ref (broken line) is shown for
comparison.

anisole, and benzonitrile with excitation at 410 nm, where the
absorption ratios of the porphyrin anddg@noieties are 92:8 in

Fluorescence intensity / a.u.

650

Wavelength / nm

Figure 3. Steady-state fluorescence spectra of 2@k, (solid line)
and ZnP-ref (dotted line) in benzend.s = 410 nm, absorption ratio

of ZnP:G, = 92:8). The spectra are normalized at the peak position
for comparison.

TABLE 1: Fluorescence Lifetimes ) of ZnP—Cgo and the
Reference Compounds in Benzene, Anisole, and Benzonitidle

lifetime (7)/ps

benzene anisole benzonitrile
compound (es=2.28) (es=4.33) (es=25.2)

Aobs 610nm 720nm 610nm 720nm 610nm 720 nm
ZnP—Cqgp 200 1200 120 1100 100 760
ZnP—ref 2000 2100 2000
Ceo—ref 1300 1300 1300

a Absorption ratio of ZnP and 4 in ZnP—Cg at excitation
wavelength fex = 410 nm); ZnP:G = 92:8 (benzene), 90:10 (anisole
and benzonitrile).

(*znP*) occurs by the attachedsgmoiety through ET or EN
or both, judging from the results reported for zinc porphytin
Cso dyads>~15 On the other hand, the fluorescence lifetimes of
ZnP—Cgp at 720 nm § = 760 ps (benzonitrile), 1100 ps
(anisole), 1200 ps (benzene)] become longer as the solvent
polarity decreases, approaching the lifetime gf-€ef (1300
ps). This suggests that the excited singlet state of t§€'Cso*)
is less quenched by the attached porphyrin in nonpolar solvents
through ET, which will be discussed in a later section. It should

benzene and 90:10 in anisole and benzonitrile. A typical example be noted here that a rise component of the fluorescence at 750

in benzene is shown in Figure 3. Emissions from both the
porphyrin moiety {max= 600, 645 nnf¢13and the Gy moiety
(Amax = 710 nmy>¢13 gre clearly observed for ZrFCg in

nm with a rate constant of 2.5 10° s™1, where the emission
is due to the G solely, was clearly detected in benzene, as
shown in Figure 4. This is in sharp contrast with no appearance

benzene, anisole, and benzonitrile. However, the fluorescenceof the fluorescence rise in anisole and benzonitrile. Because

spectra of ZnP-Cgp are quenched more strongly than those of
ZnP-ref under the same conditions (relative intensit®.027),
indicating that'ZnP* is quenched by the ¢ moiety. It is
interesting to note that the emission intensity of thg@oiety

the rise rate (rate constant of 251° s™1) at 750 nm due to
1Cs0* in benzene does not match the decay rate (rate constant
of 5.0 x 1(° s71) at 610 nm due ta'ZnP*, it is strongly
suggested that the charge-separated state*{Z@Rs ") in

relative to the porphyrin decreases with increasing solvent benzene, produced via photoinduced ET, undergoes the CR to

polarity.
Fluorescence Lifetime MeasurementsThe fluorescence
lifetimes (@) of ZnP—Cgo, ZnP—ref, and Go—ref were measured

by a time-correlated single-photon-counting apparatus with

yield 1Cg¢*. Such recombination of charge-separated state
(ZnP*-Cgg™) to 1Cs0* has also been reported in porphyrin
CGO dyadsﬁa—c,Be,ISC

Time-Resolved Transient Absorption Spectra. Time-

excitation at 410 nm, and monitored at 610 and 720 nm, where resolved transient absorption spectra of 2@, in various

the emission is due to the porphyrin and theg, @oiety,

solvents were measured by pico- and nanosecond laser pho-

respectively. The results are summarized in Table 1. The tolysis with excitation wavelength at 532 nm, where the
fluorescence decay curve was well fitted as a single exponential.absorption ratios of the porphyrin and thgy@noieties are

The fluorescence lifetimes of ZrRCsp at 610 nm § = 100 ps

85:15 in benzene, 76:24 in anisole, and 77:23 in benzonitrile.

(benzonitrile), 120 ps (anisole), 200 ps (benzene)] are much Figure 5 displays picosecond time-resolved absorption spectra

shorter than those of ZrRref (2000-2100 ps). This indicates

of ZnP—Cgoin benzene. The S— S; difference spectrum taken

that the rapid quenching of the porphyrin singlet excited state immediately after excitation with 532-nm laser pulse (50-ps
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TABLE 2: CS and CR Rate Constants in ZnP—Cgg
=) ~AG%r  kerl
E — solvent initial state final state eve s1b (o8
2 benzene 1Znp* ZnP*—Ce~ <0.33 4.5x 10° 0.90
g - (es=2.28) ZnP+*—Ces~ 1Cec* <0.33 25x 10° ~1
Qo anisole 1ZnpP* ZnP*t—Cer~ 0.32-0.57 7.8x 1(° 0.94
£ . (6524.33) 1Ceo* ZnP'Jr—Cs()ﬁ <0.25 1.4x 108 0.15
8 ZnPt—Cgo™ 3Ceo* <0.25 3.0x 108 ~1d
c benzonitrile  1ZnP* ZnPt—Cgr~ 0.66 9.5x 10° 0.95
S r (€s= 25.2) 1Cgg* ZnP+—Ces~ 0.37 5.5x 108 0.42
8 3Ceq0* ZnP+t—Cgs~ 0.12 1.5x 10’ 0.99
‘5 | ZnPt—Cgg~ ZnP—Cgo 1.38 1.3x 10° 1
3
i . a—AG%gr = E% (D/D*") — E%q (A/A*7), —AG’%s = AEg—o —
e’ | ] i l | (—AG%g), whereE%, (D/D*+) andEX%.q (A/A*") are the first oxidation

Figure 4. Time profiles of fluorescence intensity for ZaCsin argon-
saturated benzene monitored at 750 ag<€ 410 nm). The time profile
was fitted by rise (rate constant of 26 10° s™1) and decay (rate
constant of 7.7x 10° s™%) components, respectively.

0 200 400 600 800 potential of donor and the first reduction potential of acceptor,
respectively, and\Ey— is energy of the 80 transition between the
Time / ps lowest excited state and the ground state. The redox potentials were

measured by differential pulse voltammetry in benzonitrile using 0.1
M BusNPFs; as supporting electrolyte. The Coulombic term in polar
solvents such as benzonitrile is negligible. On the other hand, in
nonpolar solvents such as anisole and benzene it was impossible to
determine— AG%r with accuracy, because of the difficulty in estimating
the Coulombic term and the redox potentials in nonpolar solvents.

(a) b Charge separation (CS) rates fréZnP* and'Csc* were determined
from the following equation using the fluorescence lifetiméss =
= [1/T (ZnP—Csgo)] — [1/7 (ZnP—ref or Gso—ref)]. The other CS and charge
T | 50 ps recombination rates were determined by analyzing the rise or decay of
g Ceo~ at 1006-1010 nm.¢ The quantum yields®) for each pathway
= F Ay were estimated on a basis of Scheme81 Assuming that contribu-
3 ! ] 1 1 ! ! tion of the deactivation pathway from ZrP-Ces~ to 3ZnP* (1.53 eV}®
_é | % ZnP™ Ceo- 200 ps is negligible.
§ i ™ X2 SCHEME 1: Schematic Energy Levels and Relaxation
5 ' . . - o Pathways for 1ZnP* and 1Ceg* in ZnP —Cgp in Benzene;
ko = 5.0 x 108 Sﬁl, kKcs1 = 4.5 x 10° Sﬁl, Kcr1 < 1.3 x
600 700 800 900 1000 1100 1200 106 51 Kepo = 2.5 x 10° 51 Kise = 7.7 x 108 sL,
Wavelength / nm kr =22x 10 st
(2.08 eV) Benzene
(b) e
ZnP -Cgp
) K
o 0.20 CS1 o -
S 1010 nm \ ZnP™-Ce
_8 010l 010 —_— ke (1.756V)
g ZnP-'Cgy’
o b —_ 8
< 0.00lae ) Op O 0 400 %oy hv ko B o -
0.0 0.5 1.0 1.5 2.0 25 K 1sc | ZnP-"Cgg
CR1
Time / ns (1.50eV)
Figure 5. (a) Picosecond time-resolved absorption spectra of-ZnP ZnP-C ky
Cgo in argon-saturated benzene excited at 532 nm (absorption ratio Off e—eeeeS%m.—
ZnP:Gy = 85:15) and (b) time dependence of the absorbance at 101

nm. The solid line shows a simulated curve using a rate constant of
25x 1P s L

anisole and benzonitrile. The values of ET rates and quantum
yields are summarized in Table 2. The CS rates from
1ZnP* to Gy in ZNP—Cgo are nearly the same in benzene,

delay) is characterized by the bleaching of the ground-state anisole, and benzonitrile. This may result from an increase in
porphyrin absorption at 560 and 600 nm of the Q-bands, the both the reorganization energy and driving force for CS with
stimulating emission from the porphyrin at 650 nm, and the increasing solvent polarity, leading to similar CS irrespective
broad absorption 0fCsg* at near-IR region. With increasing ~ ©Of the solvent polarity>!3The decay profile at 1010 nm in
delay time (200-ps delay), a new absorption band at 1020 nmbenzene was analyzed by a single exponential with a rate

due to the G radical anion (Gy)'58 appears clearly,

constant of 2.5x 10° s71, as shown in Figure 5b. The time

accompanied by the rise in a broad absorption around 650 nmconstant kcre = 2.5 x 10° s7*) agrees well with that of the

due to zinc porphyrin radical cation (ZnR.13¢19These results
clearly show that photoinduced ET takes place fi@nP* to
Csoin ZnP—Cg, resulting in formation of the charge-separated

fluorescence rise from theggmoiety at 750 nm (2.5« 10°
s (Figure 4).
The energy level of the charge-separated state is known to

state. On the basis of the fluorescence lifetimes, the CS ratebe pushed up in nonpolar solvents such as benzgre 2.28)

(kcsy) from 1ZnP* and the quantum yieldX) of formation of
the charge-separated state were estimated as 4® s~ and

0.90, respectively (Table 2). Similar transient absorption spectra,

exhibiting the formation of ZnP and Gg'~, were obtained in

and tolueneds = 2.38), as compared with polar solvents. Thus,
the charge-separated state (ZnPCgo'™) is located between
1ZnP* (2.08 eV) andCqgo* (1.75 eV) in benzene, as illustrated
in Scheme $a13¢cThis is consistent with the fact th&€sg* is
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Figure 6. Nanosecond transient absorption spectra obtained by 532-
nm (absorption ratio of ZnP4 = 85:15) laser photolysis of ZrP Wavelength / nm
Cso (0.1 mM) in argon-saturated benzene.

(b)

almost unquenched by ZnP in ZrRg (Table 1). The

distinctobservation of the charge-separated state in both nonpolaf 05

and polar solvents contrasts with previous reports that efficient § 0.4r

singlet-singlet EN from porphyrin to g occurs in nonpolar 8 o3t

solvents such as benzene and tolu&ne’10¢11 |t is well § 0.2t 700 nm
established thantramolecularEN rates are not susceptible to S o4l

solvent polarity2° If the EN process occurs with a rate constant 0 . . '
of ~10'° s71 in nonpolar solvents, the EN process with the 0 1 2 3 4
similar rate constant would be observed in polar solvents as Time / us
well. However, no observation of such EN process in polar 0.16

solvents precludes such possibility. Because CR rates in ¢onor § o012k

acceptor linked dyads are known to decrease with decreasing s 1000 nm
solvent polarity?! the CR rate Kcgr1) from the charge-separated 5 0.081 i

state to the ground state in nonpolar solvents would be slower ‘53 0.041 ~

than the CR rate (1.8 10° s™) in benzonitrile (vide infra, see 0 : ' :

Table 2). Therefore, the quantum yield of formationl6¢* o 1 2 3 4

from the charge-separated state in benzene can be estimated §s Time / ys

almost unity ¢~1). The reorganization energies of porphyfin  Figure 7. (a) Nanosecond time-resolved absorption spectra obtained

fullerene systems are known to be sn¥ahd driving force for by 532-nm (absorption ratio of ZnPsC= 76:24) laser photolysis of

the CR to the ground state (.75 eV) is much larger than that ~ ZNP—Ceo (0.1 mM) in argon-saturated anisole and (b) time profiles of

for the CR to théCeg* ( <0.33 eV). Thus, the driving force for ~ @bsorbance at 700 and 1000 nm.

the CR to!Cgg* is located in the normal or top region of the

Marcus parabola, whereas the driving force for the CR to the using the fluorescence lifetimes (Table 2). However, with

ground state goes deep into the Marcus inverted region. increasing the solvent polarity from benzenrg £ 2.28) to

Consequently, the CR¥8s0* in benzene is dominant over the  anisole & = 4.33), the deactivation pathway from the charge-

CR to the ground state. separated state changes drastically. Figure 7a shows nanosecond
Formation of the & triplet excited state3Cso*) in argon- time-resolved transient absorption spectra of Z@k, in

saturated benzene is also confirmed by the complementaryanisole. Both transient absorption bands duéGg* (Amax =

nanosecond experiments, as shown in Figure 6, which exhibits700 nm) and &'~ (Amax = 1020 nm) appear within the time

a characteristic triplettriplet absorption maximum at 700 nm.  resolution (10 ns). The unambiguous detectiorfZiiP* was

In addition, the weak transient absorption due to the porphyrin somewhat obscured in anisole, since the absorption dizmfe*

triplet excited state3ZnP*) appears at 740 and 840 rAft2 overlaps with théCgg* absorption extensively at 666900 nm.

The3ZnP* (1.53 eV}® may be produced from the intersystem However, the contribution ofZnP*, if any, would be minor,

crossing from1zZnP* in ZnP-Cgo. Considering the molar  as is the case in benzene (Figure 6). The absorption band at

absorption coefficient 0fCeg* (¢ = 4200 Mt cm1)23 and 1020 nm due to gz~ decays rapidly to leave the characteristic
8ZnP* (e = 8500 M1 cm™1),22it is concluded that théCgo* is band at 700 nm due to tH€es* (Figure 7b). The decay rate
generated predominately via the intersystem crossing fygt (kcrp) at 1020 nm was determined as 30 10° s™1 using

with a rate constant of 7.2 18 s~ (Scheme 1}° The resulting picosecond transient absorption spectroscopy (Table 2). Because
3Cs0* decays to the ground state with a rate constant of2.2  no rise component due to the formation'@* was observed
1P st in the fluorescence lifetime measurement in anisole, thezaP
In anisole, photoinduced ET also occurs fré&mP* to Gy Cso'~ State recombines to generd@y* in anisole, as illustrated
to yield the charge-separated state with a rate constant of 7.8in Scheme 2. The quantum yield of formation 3¥s¢* from
x 1 s7! and the quantum yield of 0.94, which are obtained the charge-separated state can be estimated as almostuhlity (
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SCHEME 2: Schematic Energy Levels and Relaxation Pathways fotZnP* and Cgg* in ZnP —Cg in Anisole; ko =
4.8 x 108 S_l, k051 =7.8x 10° S_l, kcsz =14x 108 S_l, kCRl <13x 10° S_l, kCRZ =3.0x 10 S_l, k|5c =77x 108 S_l,

kT =12x 1P s?

2.07 V)
1ZnP*'Ceo

kst

hv ko

ker1

ZnP-Ce, ke

ZnP™-Cgp™

Anisole

(1.75 eV)

i~
kesa M

kCRg\L

ZnP-3Cq," | Kisc

(1.50 eV)

because the CR to the ground statel (3 x 10° s™1) is much
slower than the CR to th#&Cs0* (3.0 x 10° s71). Judging from

the fact that the driving force for the former {.50 eV) is much
larger than that for the latter<Q0.25 eV), the CR processes to
the ground state and to tH€s* are located in the Marcus
inverted region and normal region, respectively. Accordingly,
the preference for the latter process over the former one may
be explained by the small reorganization energp.8 eV in
anisole) of porphyrirCego linked systems (vide supra). It is
interesting to note that the charge-separated state is likely tg
yield 3Cg* (1.50 eV) rather tharfZnP" (1.53 eV) in anisole.
The predominant formation of th#es* over 3ZnP* may be
accommodated by smaller reorganization energy of ga@@er

the porphyrin, in addition to the slightly larger driving force
for the former 0.25 eV) against the latter<(Q0.22 eV) in the
Marcus normal region. The resultif@e¢*, generated from both
the ZnP™—Cgg~ state andCeg* (kisc = 7.7 x 108 s71), decays

to the ground state with a rate constaad ©f 1.2 x 10° st at

700 nm (Scheme 2). The rate constaaiz = 3.0 x 108 s7)

in anisole is one order of magnitude smaller thap, (2.5 x

10° s71) for CR from ZnP™—Cgg'~ to thelCgqo* in benzene. In
both cases CR occurs through a spin-conserving process
Namely, the CR from the singlet charge-separated state to thg
3Ceg* in anisole takes place through the singlétiplet mixing

of the charge-separated state, whereas the CR from the single
charge-separated state to th&ss* in benzene requires no
singlet-triplet mixing of the charge-separated state. If the
singlet-triplet mixing process in anisole is a rate-determining
step, the slow rate of the mixing may be responsible for the
slower CR rate from the charge-separated state t8QGkg: in
anisole, as compared with the CR rate to #8&* in benzene.
Such a difference in the CR rates would also result from the
difference in the driving force. Overall, the energy level of the
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ZnPT—Cgs~ in anisole becomes lower than the level in

benzene, thereby being located between the enegy levels ofFigure 8. (a) Nanosecond time-resolved absorption spectra obtained

1Ce¢* (1.75 eV) and3Ceg* (1.50 eV). This is consistent with
the fact that the fluorescence lifetimes afC1100 ps) in ZnP-
Cso in anisole is slightly shorter than that of&-ref (1300 ps)
because of the slightly exergonic ET from ZnP@y¢* (kcs2

in Scheme 2). Thekcs, value and the quantum yield were
determined as 1.4 10® s~*and 0.15, respectively, on the basis
of the fluorescence lifetimes (Table 2).

In benzonitrile és = 25.2) as well, photoinduced ET takes
place from'ZnP* to Gs in ZnP—Cgo upon photoexcitation of
the ZnP moiety, leading to the production of the charge-
separated state with a rate constant of 2.4(° s! and the
guantum yield of 0.95 (Table 2). In addition, CS also occurs
from ZnP tolCgso* in ZNP—Cgo upon photoexcitation of theqg

by 532-nm (absorption ratio of ZnPgg£= 77:23) laser photolysis of
ZnP—Ce (0.1 mM) in argon-saturated benzonitrile and (b) time profiles
of absorbance at 1010 nm.

moiety to give rise to the charge-separated state with a rate
constant of 5.5x 10 s™! and the quantum yield of 0.42.
Complementary nanosecond experiments, performed with-ZnP
Ceo, also confirmed a characteristic absorption maximum of
Ceo~ at 1010 nm, together with the broad absorption due to
ZnP* around 650 and 850 nm (Figure 8a). The time profile of
ZnP—Cgp at 1010 nm reveals the rise and decay components
with rate constants of 1.5 10’ s'1 and 1.3 x 1Cf s'1,
respectively (Figure 8b). Judging from the energy level diagram
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