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Abstract: A meso,meso-linked porphyrin dimer [(ZnP),] as a light-harvesting chromophore has been
incorporated into a photosynthetic multistep electron-transfer model for the first time, including ferrocene
(Fc), as an electron donor and fullerene (Cgo) as an electron acceptor to construct the ferrocene-meso,meso-
linked porphyrin dimer—fullerene system (Fc—(ZnP),—Csgo). Photoirradiation of Fc—(ZnP),—Cgo results in
photoinduced electron transfer from the singlet excited state of the porphyrin dimer [1(ZnP),*] to the Ceo
moiety to produce the porphyrin dimer radical cation—Cg radical anion pair, Fc—(ZnP),""—Cego"~. In
competition with the back electron transfer from Cgo*~ to (ZnP).** to the ground state, an electron transfer
from Fc to (ZnP),** occurs to give the final charge-separated (CS) state, that is, Fc*—(ZnP),—Cso*~, which
is detected as the transient absorption spectra by the laser flash photolysis. The quantum yield of formation
of the final CS state is determined as 0.80 in benzonitrile. The final CS state decays obeying first-order
kinetics with a lifetime of 19 us in benzonitrile at 295 K. The activation energy for the charge recombination
(CR) process is determined as 0.15 eV in benzonitrile, which is much larger than the value expected from
the direct CR process to the ground state. This value is rather comparable to the energy difference between
the initial CS state (Fc—(ZnP),**—Ceo*") and the final CS state (Fc™—(ZnP),—Ceso""). This indicates that the
back electron transfer to the ground state occurs via the reversed stepwise processes,that is, a rate-limiting
electron transfer from (ZnP), to Fc* to give the initial CS state (Fc—(ZnP),**—Cgo*"), followed by a fast
electron transfer from Ceo*™ to (ZnP).** to regenerate the ground state, Fc—(ZnP),—Cgo. This is in sharp
contrast with the extremely slow direct CR process of bacteriochlorophyll dimer radical cation—quinone
radical anion pair in bacterial reaction centers.

Introduction interest. Investigators have been motivated by the desire to
address basic mechanistic problems on ET chemistry and
biology as well as to develop artificial photosynthetic systems
for light energy conversiofr.1? Natural photosynthesis in the
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iochlorophyll (Bchl) molecules, generating its singlet excited
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Investigations of photoinduced electron transfer (ET) in
donor-acceptor-linked molecules have attracted enormous
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state {(Bchl),*), which lies ~1.4 eV above the ground state. employedt® Such a remarkable effect can be ascribed to the
Within ~3 ps, an ET occurs frof{(Bchl),* to the bacteriopheo- delocalization of charge spread over the three-dimensional
phytin (Bphe) molecule locatedt9 A (= Ree edge-to-edge  framework of fullerenes, in addition to the rigid structure in
distance) distant via a two-step sequential mechanism or a oneboth the ground and excited states. Thus, utilization of fullerenes
step superexchange mechanism. The energy of (BcBphe~ in donor-acceptor-linked systems allows us to realize the
(~1.2 eV) is lowered by~0.2 eV, which matches well the optimization of ET processes, such as photosynthesis, regardless
reorganization energyl] of ET to optimize the forward ET  of the surrounding environment (i.e., solverit&iHowever, the
process; but the charge recombination (CR) process is shiftedlight-harvesting efficiency remains to be improved.

deeply into the inverted region of Marcus parabola to retard  We report herein incorporation afesgmeselinked porphyrin

the CR process. In a subsequent charge-shift (CSH) step, ardimer [(ZnP}] as an improved light-harvesting chromophore,
electron is transferred 200 ps from Bphe to the primary as compared to the monomer porphyrin, into a photosynthetic
quinone Q, over anRee value of ~9 A. This reaction yields ET model to construct the ferrocengesegmesalinked porphyrin

the charge-separated (CS) state of (BthQa*~, which lies only dimer—fullerene triad (Fe-(ZnP)—Cso), where the g and the
~0.6 eV above the ground state. This means that the energy aderrocene (Fc) are tethered at both the ends of (Zrd3)shown
large as 0.8 eV is lost to obtain the CS state. In a final in Figure 1. We previously reported that-F£nP—Cg (Figure
isoenergetic step, an ET takes place frogt Qo Qs, with a 1) reveals photoinduced charge separation from the porphyrin
time constant of~100us. The resulting final CS state with a  excited singlet state todg; followed by a charge shift (CSH),
lifetime of ~1 s across the membrane eventually leads to the leading to the production of final CS state (i.e., ferricenium ion
production of chemical energy. Although the quantum efficiency (Fc™)—Cgo radical anion (G~) pair) with an extremely high

of the production of (Bchp)*Qg*~ is ~100%, the energy  quantum yield (nearly unity) as well as with a lifetime of up to
efficiency (~40%) is not perfect. There may be plenty of room 16 us?2c-¢ The edge-to-edge distance of the"F&nP—Cgg™

for improvement of the energy efficiency while optimizing the

radical ion pair Ree= 30.3 A) is enlarged in the Fe-(ZnPy—

charge separation efficiency as well as the CS lifetime. Such
optimization is important to develop artificial photosynthetic
systems that can convert solar energy into chemical and
electrical energies more efficiently than natural systems.
Fullerenes have exhibited unique ET properties as acceptor
in donor-acceptor-linked systenis:23 In particular, the small
reorganization energies make it possible to accelerate photoin-

duced charge separation and CSH and, on the other hand, to
decelerate CR processes relative to comparable systems in whicralg)
two-dimensional acceptors, such as quinones and imides are
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Figure 1. Ferrocene-porphyrin dimerfullerene triad and the references used in this study.

Ceo~ radical ion pair Ree = 38.6 A) by incorporating an

CR process from g~ to Fc" in the final CS state, Pc-

additional porphyrin moiety. Thus, the lifetime of the final CS (ZnP),—Csg~, which provides valuable insight into the impor-
state is expected to be prolonged without lowering the charge tant question as to why natural photosynthesis wastes a large

separation efficiency when a similar stepwise ET occurs i Fc

(ZnP)—Cso. Although chemistry omesgmeselinked porphyrin
arrays has been developed rapitiy?’ ET studies onme-

someselinked arrays with donor and acceptor units on the

opposite ends have never been performed. Sincedsamese

fraction of the input energy to gain a long-lived CS state.
Results and Discussion

Synthesis.The preparation of Fe(ZnP),—Cs, the reference
dyads Fe-(ZnP), (ZnP»—Cso, and the porphyrin reference

porphyriq arrays absorb visiblg light more widely than a linear (ZnP)-ref (Figure 1) was performed as shown in Scheme8.1
combination of the corresponding porphyrin monomer as a result TransAB,C-type porphyrir8 was prepared by the condensation

of the exciton coupling of the porphyriR$,27 the combination

of dipyrromethane2® and222b with 3,5-ditert-butylbenzalde-

of mesomeseporphyrin arrays with ferrocene asa donor anq hyde? in the presence of trifluoroacetic acid (TFA), followed
Ceo as an acceptor is expected to enhance the light-harvestingpy treatment with zinc acetate (Scheme 1). Forrtresomeso

capability. In the present study, the ET dynamics of &nP),—

coupling of 3, we used the oxidant AgRRn a mixture of

Ceo have been investigated in full detail by time-resolved chioroform and acetonitril¢ Because slight demetalation
transient absorption spectroscopy and fluorescence lifetime gccurred under the present conditions, the crude mixture was
measurements. We also report the temperature dependence fafeated with TFA and kSO, in chloroform to afford the freebase

(24) (a) Osuka, A.; Shimidzu, FAngew. Chem., Int. Ed. Endl997, 36, 135.
(b) Tsuda, A.; Osuka, AScience2001, 293 79.
(25) (a) Ohta, N.; lwaki, Y.; Ito, T.; Yamazaki, |.; Osuka, A.Phys. Chem. B

1999 103 11242. (b) Piet, J. J.; Taylor, P. N.; Anderson, H. L.; Osuka,

A.; Warman, J. MJ. Am. Chem. SoQ00Q 122, 1749. (c) Kim, Y. H.;

Jeong, D. H.; Kim, D.; Jeoung, S. C.; Cho, H. S.; Kim, S. K.; Aratani, N.;

Osuka, A.J. Am. Chem. So2001, 123 76.

(26) (a) Susumu, K.; Shimidzu, T.; Tanaka, K.; SegawaTetrahedron Lett.
1996 37, 8399. (b) Khoury, R. G.; Jaquinod, L.; Smith, K. NChem.
Commun.1997 1057. (c) Vicente, M. G. H.; Jaquinod, L.; Smith, K. M.
Chem. Commuri999 1771. (d) Miller, M. A.; Lammi, R. K.; Prathapan,
S.; Holten, D.; Lindsey, J. SI. Org. Chem200Q 65, 6634. (e) Clausen,
C.; Gryko, D. T.; Yasseri, A. A.; Diers, J. R.; Bocian, D. F.; Kuhr, W. G;
Lindsey, J. SJ. Org. Chem200Q 65, 7371.
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7, 3134.

porphyrin, 4. An important synthetic intermediatds, was
obtained by base hydrolysis @f in a mixture of THF and
ethanol.

The freebase porphyrin carboxylic act,was converted to
the corresponding bis(acid chloridg@py treatment with SOGI
(Scheme 2). Cross-condensationéofvith 4-aminophenylfer-
rocene722¢ and formyl-protected anilin€%° in benzene in the
presence of pyridine, followed by acid hydrolysis, afforded

(28) Wang, Q. M.; Bruce, D. WSynlett.1995 1267.

(29) Newman, M. S;; Lee, L. RI. Org. Chem1972 37, 4468.

(30) Imahori, H.; Azuma, T.; Ajavakom, A.; Norieda, H.; Yamada, H.; Sakata,
Y. J. Phys. Chem. B999 103 7233.
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Scheme 1
= ==
\NH HNY
+ CO.Me
/~NH HN
1 2
1) Ar-CHO, TFA, CHClj3, r.t.
Ar=3,5-(tBu),CgH3a 2) p-chloranil

3) Zn(OAc),, CHCl3

Ar
’—’COQMe
)

Ar 3
1) AgPFg, CHCly, CHaCN
2) TFA, H,S04, CHCl3

Ar Ar

MeO,C— ) w %  )—COaMe
Ar Ar 4

KOH, THF-EtOH

Ar Ar
Ar Ar 5

ferrocenemesgmeseporphyrin dimer9 in 20% yield. Fe-
(ZnP)—Cgo was obtained by 1,3-dipolar cycloadditmsing

9, N-methylglycine and & in toluene and subsequent treatment
with zinc acetate in 55% vyield.

(ZnP)—Cgo was synthesized from 4-hexadecylaniliGeand
8, via 10 by the same method as described for-f£nP),—Cso
(Scheme 3). Fe(ZnP), and (ZnP)-ref were prepared fror,
6, and 4-hexadecylaniline, an@ and 4-hexadecylaniline,
respectively. Single chromophore references Fé&rahd Go-

Absorption and Fluorescence Spectra.The absorption
spectrum of Fe-(ZnP)—Cgoin benzonitrile (PhCN) is virtually
a linear combination of the spectra of Fc-ref, (ZnRf, and
Cesoref (Figure 2). This indicates that there is no significant
interaction among the three chromophores in the ground state.
Similar superpositions of component spectra were found in THF
and DMF. The absorption features of the porphyrin dimer in
the visible region are much stronger than those of the ferrocene
and the Gy moieties. It should be noted here that the sharp
splitting of the Soret bands-{430 and~470 nm) is character-
istic of themesgmeselinked porphyring*-27 as seen in Figure
2. This enables us to harvest the light widely across the visible
region, as compared to F&ZnP—Cgg (inset of Figure 2).

Steady-state fluorescence spectra of @nP),—Cgo, (ZNP)—
Cso, and Fe-(ZnP), in PhCN exhibit the same band shape and
peak positions as that of (ZnPef (lem"® = 637, 667 nm)
when adjusting absorbance (0.25) at the excitation wavelength
of 428 nm, where the porphyrin moiety absorbs light exclu-
sively. No emission from the g (Aem™® = 720 nm¥2 could be
detected for Fe(ZnP)—Cgo and (ZnP)—Csg; however, fluo-
rescence spectra of F€ZnP)—Cgo and (ZnP)—Cgo in PhCN
are quenched strongly as compared to those of (Zre?)
(relative intensities, 0.07 for FZnP)—Cgso and (ZnP)—Csgo).
In contrast, the relative fluorescence intensity of-E£ZnP),
versus (ZnPyref (0.55) in PhCN is much larger. Thus,
guenching of the excited singlet porphyri{ZnP)*] by the
attached G in Fc—(ZnPh—Cso is much faster than the
guenching by the ferrocene (vide infra).

One-Electron Redox Potentials and ET Driving ForceThe
driving forces AG%r) for all the intramolecular ET processes
were determined accurately by measuring the redox potentials
of Fc—(ZnP»—Cgo and the reference chromophores (Fc-ref,
(ZnP)-ref, and Ggref) in various solvents. The differential
pulse voltammetry was performed in THF, PhCN, and DMF
solutions containing 0.1 M-BusNPF; as a supporting electro-
lyte. Although all of the compounds exhibited reversible redox
waves in THF and PhCN, the poor solubility in DMF did not
allow us to obtain reliable cyclic voltammograms under the same
conditions. Table 1 summarizes all of the redox potentials of
the investigated compounds. The redox potentials of Fc-ref and
Csoref used as references were reported previéifshnd are
also summarized in Table 1. The first one-electron oxidation
potentials E%,) of (ZnP)-ref (0.33 V vs ferrocene/ferricenium
(Fc/Fc") and Fc-ref £0.01 V vs Fc/F¢) and the first one-
electron reduction potential&{eq) of Ceo-ref (—1.04 V vs Fc/
Fct) and (ZnP)-ref (—=1.79 V vs Fc/Ft) in PhCN are virtually
the same as those of F¢ZnP),—Cgo(0.34, 0.00,-1.05,—1.81
V vs Fc/Fd, respectively) in PhCN. This implies that electronic
interactions among the ferrocene, the porphyrin dimer, and the
Cso are negligible in the ground state. (Zafgf exhibits
negative shifts for the first one-electron oxidation potentials with
increasing solvent polarity. Positive shifts were noted for the
first one-electron reduction potentials ofg@ef?2¢ and (ZnP)-

ref2¢ were also prepared by following the same procedures asref. On the other hand, the first one-electron oxidation potential
described previously. Their structures were verified by spec- of Fc-ref remains nearly constant, despite the substantial increase

troscopic analyses, includidgl, FAB, and MALDI-TOF mass
spectra (See Experimental Section).

(31) Maggini, M.; Scorrano, G.; Prato, M. Am. Chem. Sod.993 115 9798.

5168 J. AM. CHEM. SOC. = VOL. 124, NO. 18, 2002

in solvent polarity22©

The driving forces  AG%sr(cr)in eV) for the intramolecular
CR processes from theggradical anion (Gg~) to the zinc
porphyrin dimer radical cation [(ZnP¥] or the ferricenium ion
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Scheme 2
Ar Ar
Ar Ar 6
DO )X
e
Ar=3,5-(+Bu)oCgHs S 7 8
benzene
2) TFA, HaSOy4, CHCI,
1) Cgo, N-methylglycine, toluene
2) Zn(OAc),, CHCI4
FC-(ZnP)z-Cso
Scheme 3

1) C16H33—©‘NH2 , 8

benzene
2) TFA, HaSOy4, CHCIy

Ar Ar
CigHaz{_)-NHCO ) w m {)~CONH—~ )-CHO
Ar Ar

10

1) Cgo, N-methylglycine, toluene
2) Zn(OAc),, CHCI3

(ZnP)2-Cgp

(Fc) in Fc—(ZnP)—Cgso and (ZnP)—Cgo were determined by  transition energy gap between the lowest excited state and the
eq 1, wheree stands for the elementary charge. ThR&G%rcr)

\_/alues_ (in eV), thus obtained in THF, PhCN, and DMF, are _AGOET(CS)Z AE, o+ AGOET(CR) (2)
listed in Tables 2 and 3.

ground state, which is determined by the@ absorption and
ed AVVAT)] (D) 0*—0 fluorescence maxima in solvents (* denotes the excited
state). The—AGOET(CS)vaIueS are given in Tables 2 and 3. The
The driving forces for the intramolecular charge separation driving forces for intramolecular charge-shift (CSH) processes
processes{AG%(cs)in eV) from the porphyrin dimer singlet  (—AG%er(csh)in eV) from the Fc to the (ZnB)" in Fc—(ZnP),—
excited state to thedgin Fc—(ZnP)—Cgoand (ZnP)—CgoWere Cso Were determined by subtracting the energy of the final state
determined by eq 2, wher&Ey ¢ is the energy of the -60 from that of the initial state (Table 3). It should be noted that

_AGOET(CR) = e[EOox (D'+/ D) - E°
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0.3 ¢ (ZnP),-ref. Nano- and picosecond time-resolved transient
absorptions of (ZnRjref in PhCN are displayed in Figure 3a
and Figure 4, respectively. Picosecond excitation (388 nm) of
(znP)-ref resulted in characteristic absorption changes in the
450-750 nm and 8061100 nm range, as shown in Figure 4
(dotted line). In particular, a net decrease of the absorption was
observed around 580 and 620 nm, which is dominated by the
© 200 400 500 800 700 strong ground-state absorption. This suggests that the porphyrin
Wavelength / nm singlet ground state is converted to the corresponding singlet
excited state JZnP)*].32 {ZnP)* also exhibits a strong
absorption band at 505 nm. Intersystem crossing is the
predominant fate of the singlet excited state. The resultant triplet
300 400 500 600 700 excited stateJZnP)*] 32 reveals a characteristic peak around
Wavelength / nm 840 nm (Figure 3a), whereas no characteristic absorption around

Figure 2. Absorption spectra of Fe(ZnPy—Cgo (solid line with circles), 800—-1000 nm appears in the picosecond absorption spectrum
Fe-ref (dotted line), (ZnRYyef (dashed line), andggref (solid line) in PhCN (Figure 4).
(1.0 x 107 M). Absorption spectrum of FeZnP—Cgp in PhCN (1.0x

0.2

Absorbance

0.1

105 M) is depicted in the inset. The porphyrin radical cation [(ZnR)]* produced by the
chemical oxidation of (ZnRjref with Fe(bpy}** (bpy = 2,2-
Table 1. One-Electron Redox Potentials (vs Fc/Fc™)2 of Triad and bipyridine#* exhibits broad absorption around 500000 nm
the References in Various Solvents A . _ t
as shown in Figure 3b. The absorption coefficient at 646 nm in
EolV EndV EudV PhCN was determined to be 10700 McmL. In summary,
compound solvent  (ZnP)s*/(ZnP),  FctFc  CeolCer™  (ZP)I(ZNP)y~ the above features &ZnP)*, 3(ZnP)*, and (ZnP) " are easily
Fc—(ZnPy—Cso PhCN 0.34 0.00 —1.05 -1.81 detectable markers for the following intramolecular ET reactions.
(ZnP)-ref PhCN 0.33 . -1.79 (ZnP),—Cgo. Time-resolved transient absorption spectra of
Eg::gf —0.01 104 (ZnP)—Cgo were also measured by pico- and nanosecond laser
(ZnPY-ref THF 0.38 —1.01 photolysis. Picosecond time-resolved absorption spectrum of
Fec-ref —-0.02 » (ZnP)%—Csgp in PhCN is shown in Figure 4. (Znf)Cso Was
Ceo—l‘ef -1.0 H H H H
ZnPY-ref DME 027 175 equted at 38$ nm, vyhere the porphyrln. m0|ety absorbs light
Fo-ref —0.07P mainly. The differential spectrum taken immediately after the
Ceo-ref -0.92 laser pulse is characterized by the bleaching of the porphyrin

e red | S bv it ol | Q-band absorption at 580 and 620 nm due to'{Ez@P)*. As

aThe redox potentials were measured by differential pulse voltammetry :: e ;

in THF, PhCN, and DMF using 0.1 M-BusNPF; as a supporting electrolyte time dela)_/s, a new transition arount_JI 1000 nm grows In’.
with a sweep rate of 10 mV-4. b From ref 22c. accompanied by another broad absorption around 650 nm (solid
line in Figure 4), which is quite different from the spectral
features ofl(ZnP)* and 3(ZnP)*. By comparison with the

the Coulombic terms in the present donacceptor systems absorption of G~ and (ZnPy+ (vide suprafl?2we ascribe

are largely neglected in_ the _evaluation of_the driving forces_ in the former and the latter bands to thesC moiety?s and the

Table_s 2 and 3, especially n solvents with moderate or high ZnP)** moiety, respectively. This indicates the occurrence of

polarity, because of thi relatively long edge-to-edge distance 5 photoinduced ET, evolving froA{ZnP)* to the Cso and, in

(Ree > 11 A) employedt?® turn, creating the (ZnR)"—Cs'~ state. The energy levels in
Photodynamics of Porphyrin-Fullerene-Linked Systems. PhCN, as extracted from Table 2, are shown in Scheme 4 to

Time-resolved transient absorption spectra, following picosecond llustrate the relaxation pathways of photoexcited (Zrfso.

and nanosecond laser pulses, were employed to examine thé&imilar transient absorption spectra, specifically, the spectral

photodynamics of (ZnRXef, (ZnP}—Cgo, Fc—(ZnP), and Fe- fingerprints of (ZnPy* and Gg~, were obtained in THF and

(ZnP)—Cso. To monitor the intramolecular ET dynamics, the DMF.

absorption of the one-electron-reduced form of the electron The fluorescence lifetimes) of (ZnP)—Cso and (ZnP)-ref

acceptor (Gg~) was analyzed in the near-infrared region (NIR) were also measured with a time-correlated single-photon-

around 1000 nm. counting apparatus by using a 410-nm excitation where the

Table 2. ET Rate Constants (ker), Quantum Yields (®) and the Driving Forces (—AG%%r) in (ZnP),—Cego

solvent initial state? final state? —AGgT/eV Ker/s~1P (o8
PhCN YZnP)* —Ceo (2.00 eV) (ZnPy*+—Css~ (1.37 &V) 0.63 Ker(csny= 6.6 x 10° ®csy(1ZnP*) = 0.93
(65 = 25.2) (ZnP)'+—Ceo - (1.37 eV) (ZI’]Pﬁ-Ceo 1.37 kET(CRl)_ 1.9x 10°
THE YZnP)* —Ceo (2.02 eV) (ZnPy*+—Ces (1.40 V) 0.62 kercsy= 7.1 x 1C° ®csi(1ZnP*) = 0.92
(es=7.58) (ZnPy*—Cer~ (1.40 eV) (ZnP)—Ceo 1.40 kercryy= 1.0 x 10°
DMF YZnP)* —Ceo (2.00 eV) (ZnPy*—Ces~ (1.19 €V) 0.81 kercsy= 4.7 x 1C° Dcsy(1ZnP*) = 0.89
(65: 367) (ani'+—C60'7 (119 eV) (ZnP)—Ceo 1.19 kET(CRl)_ 3.4x 10°

aThe energy of each state relative to the ground state is given in parenth@seker values for ET from'(ZnP)y* to Ceo were determined from the
fluorescence lifetimes by using the equatikgy; = [1/7 ((ZNP)—Cso)] — [L/7 ((ZnP)-ref)]. Theker values for CR were determined by analyzing the decay
of Ceo~ at 1000 nm¢ The efficiency (P) for charge separation was estimated on the basis of Scheme 4.
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Table 3. ET Rate Constants (ker), Quantum Yields (®) and the Driving Forces (—AG%%r) in Fc-(ZnP)2-Ceso
solvent initial state? final state? - AGY/eV ker/ s710 ol
PhCN FC*l(ZnPk* —Csoo0 (200 eV) FC*(ank'Jr*ka (1.37 eV) 0.63 kET(CSl): 5.0x 10° CD(;Sl(lZnP*) =0.85
Fc—4(ZnP)* —Cgo (2.02 eV) FE—(ZnP) —Cgo (1.78 €V) 0.24 ketcsz= 3.5 x 10 DcsA*ZnP*) = 0.06
(es=25.2) Fe-(ZnP)y+—Ceo~ (1.37 V) FE¢—(ZnP)—Ceso~ (1.03 eV) 0.34 ketcsHy= 1.3 x 10 Dcsp1=0.87
FCJr*(ZnPk*ka (1.03 eV) FC*(ZnPk*CGQ 1.03 kET(CR)obs: 5.3x 10#d (I)cs(totaD =0.80
THF Fc—1(ZnP)* —Ceo (2.02 eV) Fe-(ZnPyt—Ces~ (1.40 eV) 0.62 ketcsy= 3.3 x 10° Dcsi(*ZnP*) = 0.83
FC—I(ZnP)z* —Csgo (2.02 eV) FC’-(ZI’]P)Z'_—CGO (1.89 eV) 0.13 kET(CSZ)= 1.6x 108 q)csg(lznp*) =0.04
(es=7.58) Fe-(ZnPy+—Ceso~ (1.40 V) F¢—(ZnP)—Ceso~ (1.00 eV) 0.40 ketcsHy= 4.2 x 10° Dcsyi=0.81
FCJr*(ZI’lP)z*C(mk (1.00 eV) FC*(ZI’]Pk*Ceo 1.00 kET(CR)obs: 6.3 x 104 CD(;s(tOtaD =0.71
DMF Fc—4(ZnP)* —Cgo (2.00 eV) Fe-(ZnPy*t—Ces~ (1.19 eV) 0.81 ketcsy= 1.1 x 100 Dcsy(*ZnP*) = 0.92
Fc—4(ZnPy* —Cgo (2.02 eV) F¢—(ZnPy —Ceo (1.74 V) 0.28 ketcsz= 4.1 x 108 DcsA'ZnP*) = 0.03
(65: 36.7) FC*(ZI’]P&'Jr*CGOW (1.19 eV) FG*(ZnPk*CGO - (0.91 eV) 0.28 kET(CSHl): 3.3x 107 Desyi=0.92
Fct—(ZnP)—Cess~ (0.91 eV) Fe-(ZnPy—Ceo 0.91 KeT(cryobs= 1.2 x 10%d Dcgftotal)=0.88

2The energy of each state relative to the ground state is given in parenth&seker(cs) values for ET from{(ZnP)* to Ceo and Fc to}(ZnP)* were
determined from the fluorescence lifetimes by using the equatiefgs1)= [1/t (FCc—(ZnPr—Cso)] — [1/r (Fc—(ZnP))] andkercs2)= [1/7 (Fc—(ZnP)y)]
— [1/z ((ZnP)-ref)]. Theker(cshyvalues were determined from the decay rate constants of §Znf@) Fc—(ZnP)—Ceo in reference to those qZnP)—
Cso. Theker(crjobsvalues were determined by analyzing the decaygfCat 1000 nm £ The efficiencies @) for each deactivation pathway were estimated

on the basis of Scheme $At 295 K.

(a) 04 0.04
03 I 0.03 _
g oo Co
% 0.2 8
[=]
2 0 <
< 0 SERSRSArVIEES
0 "&.
V -0.01 1 . :
_oq L ) ) ) ! 500 600 700 800 900 1000 1100
500 600 700 800 900 1000 Wavelength / nm
Wavelength / nm Figure 4. Picosecond time-resolved absorption spectra of (Zré¥)dotted
line) and (ZnP)—Ceo (solid line) at a time delay of 1000 ps excited at 388
b)) 04 nm in argon-saturated PhCN. The spectrum of (ZaBY) is normalized at
Amax = 646 nm 505 nm for comparison.
0.3
Scheme 4. Reaction Scheme and Energy Diagram for
(ZnP)szGO in PhCN
g o2 (2.00 eV)
g Y(ZnP),"-Cg
=3 0.1 S ——
0
Q
:_ o KeT(CS1)
-04 (ZnP),"-Cqo
) ‘ ‘ (1.37 eV)
-0.2 hv %o
500 800 700 800 900 1000

Wavelength / nm

Figure 3. (a) Differential absorption spectra obtained upon nanosecond
flash photolysis (530 nm) of 0.1 mM solution of (ZrR¥f in argon-
saturated PhCN with a time delay of 100 ns (solid circles) and 1000 ns

(open circles). (b) Spectral change in the addition of Fe@pyp.17, 0.33,
0.50, 0.67, 0.83, and 1.0 eqiv) in deaerated PhCN solution containingZnP)

ref (2.0 x 1075 M).

only the porphyrin moiety. No emission from the¢Gnoiety

was detected for (Znk)-Ceo, €ven at 720 nr#? In general, the
fluorescence decay curves were well-fitted by a single-
exponential decay component. The fluorescence lifetimes are
listed in Table 4. On the basis of the fluorescence lifetimes (

= 630 nm) in PhCN, the ET rate constants were determined as

KeT(CR1)

(ZnP);-Cgy

ketcsy) = 6.6 x 10° s71 for ET from 1ZnP* to Gso with the
porphyrin moiety absorbs light exclusively. The fluorescence quantum efficiency ofPcs((*ZnP*) = kercsif(Ketcsi) + ko)
decay was monitored at 630 nm, relating to the emission of = 0.93. Similarkercs1)values were also determined as &1

(33) The absorption spectrum of (ZnP)is similar to that of zincme®-
tetraphenylporphyrif? Although the two porphyrins are directly linked at
the meso positions where the electron density of the radical cation is large
relative to the other positions, the two porphyrin planes are orthogonal
due to the steric hindrané&.2” Thus, the charge delocalization onto both
the porphyrins may be relatively small. However, the degree of charge
delocalization has yet to be clarified.

(34) Fukuzumi, S.; Miyamoto, K.; Suenobu, T.; Van Caemelbecke, E.; Kadish,
K. M. J. Am. Chem. Sod.998 120, 2880.

(32) Exciton delocalization in singlet and triplet excited states was reported in (35) Guldi, D. M.; Hungerbhler, H.; Asmus, K.-D.J. Phys. Chem1995 99,

similar mesg meselinked zincporphyrin array&b: ¢

9380.
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Table 4. Fluorescence Lifetimes of (ZnP),—Cgo, FC—(ZnP)2—Cso, (a) 0.06
and the Reference Compounds in THF, PhCN, and DMF2
fluorescence lifetime (z) (ps) 0.05
@
compd PhCN (es= 25.2) THF (es=7.58) DMF (e,=36.7) § 0.04
(ZnPy—Ceo 140 130 190 § oos
(ZnP)-ref 1800 1800 2000 2
Fc—(ZnPy—Ceo 170 250 81 3 o002
Fc—(ZnP) 1100 1400 1100
0.01
a Excitation wavelength, 410 nm; monitoring wavelength, 630 nm. 0
700 800 900 1000 1100 1200
(a) 0.0 Wavelength / nm
0.05 (b) 7 o i
0.008 |- Ket(csHy=1.3x 10" s KeT(CRjobs= 5.3 x 10 s
3 0.04 § . 8 0.06
c £ B g
8 £ £ 0.04 1000 nm
0 = O
g 003 g 0004 | 660 nm 2
2 3 L g 0.02
5 0.02 .
0.01 0 % 1 1 1 0 1 1 1
: 10 1 2 3 4 10 0 10 20 30 40
0 Time / us Time / ps
700 800 900 1000 1100 1200 Figure 6. (a) Nanosecond time-resolved absorption spectra 6{EaP)—
Wavelength / nm Cs0 (0.1 mM) in argon-saturated PhCN excited at 530 nm. The delay times
between the excitation and the measurement are indicated on the left. (b)
The time profiles of absorbance at 660 and 1000 nm at 295 K.
(b) .
0.06 - 6 o1 Scheme 5. Reaction Scheme and Energy Diagram for
n, Kemery=1.9x10%s Fc—(ZnP),—Ceo in PACN
8 . (2.00 eV)
€ 004} X 178eV) KeT(csaFe-1(ZnP),-C
] D 660 nm (1.78 V) - — 2 e
8 Loa- Fc*-(ZnP)y ~Ce0,/
2 002} . P." Kercst)
< Q.;.'_g (1.37 eV)
. . oo e o *+.Cog™
0 s m,:e%ﬁs'.;:% '."':.s‘ Ket(csHz) \ Fe-(ZnP)a™-Ceg
o A . . Fe*-(ZnP)p-Cog- KeTicshi)
-1 0 1 2 3 4 keT(cr) (1.03eV)
Time / s hv| ko
KeT(CR2)
0.02 % ketcr1)=1.9X 108 s
3 LA
£ ~ 1000 nm . _ 4 ;
2 0.01 4. the formation of Gg~ and (ZnP)". The resulting CS state
o M . .
< <, recombines to regenerate the singlet ground state. From the
< . 1Y . . .
% .
Coe Sy P AT decay kmetlc_s at 1000 and 660 nm, a rate con;t@m(dql)) of
0 Rew M e & 1.9x 10f s tis deduced for a PhCN solution. This rate constant
) ) X . is virtually the same as that of the corresponding reference,

ZnP—Cg, in Figure 1 ketcry = 1.3 x 10f s71).21c.22¢

The photodynamic behavior of the (ZnP)Cso in THF and
. _ DMF is similar to that described in PhCN (Table 2). A possible
Figure 5. (a) Nanosecond time-resolved absorption spectra of GZnP)  ayplanation for this analogy is based on the corresponding

Ce0 (0.1 mM) in argon-saturated PhCN excited at 530 nm. The delay times | s | icul h . f th ited
between the excitation and the measurement are indicated on the left. (b)energy evels. In particular, the energies of the excited states

The time profiles of absorbance at 660 and 1000 nm at 295 K. (i.e.,}(ZnP)* (2.00—2.02 eV),3(ZnP)* (1.55 eV),1Cq* (1.75
eV), and3Cgs* (1.50 eV)) are substantially higher than the

1®° stin THF and 4.7x 10° sl in DMF (Table 2). These  energy of the CS state in THF (1.40 eV), PhCN (1.37 eV), and

results are similar to those of the corresponding reference-ZnP DMF (1.19 eV). This, in turn, guarantees large driving forces

Cego in Figure 121c.22¢ for the associated charge separation and CR processes.
Formation of Gg'~ (1000 nm) and (ZnR)* (broad absorption Fc—(ZnP),—Cego. The energy levels in PhCN, which are

around 650 nm) was further substantiated (Figure 5) by a setexpected to be of significance for the photoinduced ET reactions

of complementary nanosecond experiments by using a 530-nmin Fc—(ZnP)—Cso, are taken from the data summarized in Table

excitation where the porphyrin moiety absorbs light exclusively. 3, and they are diagrammed in Scheme 5.

The transient absorption spectrum obtained from (ZrE}o Picosecond-time-resolved absorption spectra ef(ZaP»—

in Figure 5 matches well the spectrum in Figure 4, corroborating Cgo after a laser pulse (388 nm) were taken in PhCN. The

-1 0 1 2 3 4
Time /ps
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spectral behavior of Fe(ZnP)—Csp is similar to that of 5.0

(ZnP)—Ceo (Figure 4). This clearly shows that photoinduced Qe
ET occurs from thé(ZnP)* to the Gso moiety to generate Fe 45 A DMF
(ZnPYy+—Csg~. The rate constankgrcsy= 5.0 x 10° s71) o .

and the efficiency of formation of Fe(ZnP)™—Cso~ from = 40 N

YZnP)y* (®cs((*ZnP*) = 0.85) were determined as described g a5 |

for (ZnP)—Cgo (Table 3). The fluorescence lifetime of +c s -

(ZnP), indicates that photoinduced ET also occurs from Fc to X 4k S\

1(ZnP)* to produce FE—(ZnP)*~ (Table 4). However, the ET g AN .

from Fc toY(ZnPY* (kercszy= 3.5 x 10° s7%) is much slower, o5 L \A\AD\

by a factor of 1/14, than the ET froR{ZnP)* to Cgo. Thus,

the deactivation pathway to generate" FZnP~—Cg is rather 2.0 ! * L S
negligible, although the CS state would undergo CSH 30 35 40 45 50 55
(—AGP%t(cshz= 0.75 eV) to the G moiety to generate Fe- 108 xT /K

(ZnP)—Cgy~ efficiently.

Nanosecond transient-absorption spectra of-EnP)—
Ceo at a time delay of 2.525 us also exhibit formation of
Ces'~ around 1000 nm, whereas the transient absorption due to(6-3 x 10* s™* (THF), 5.3 x 10* s™* (PhCN), and 1.2« 10!
the (ZnP)*+ around 660 nm disappears (Figure 6a), in contrast ;‘1 (DMF)) decrease with increasing solvent polarity. Interest-
with the case of (ZnRy-Ceo (Figure 5a). The absorption ingly, they are smaller than those of FeZnP—Cegp~ (2.7 x
spectrum is virtually identical to that of Fe-ZnP—Cgg .22 10°s71 (THF); 1.3x 10°s7* (PhCN); 6.3x 10%s™* (DMF))?2¢
Taking into account the small molar absorption coefficient of PY Only a factor of~1/4—1/2, despite the significant increase
the ferricenium ion { ~ 1000 M~ cm~t at 800 nm@2 it is of the Ree values ARee = 8.3 /_&).zzc We reportec_zl the dlstanr_:e
concluded that the resulting CS state RZnP)"*—Ces'™) dependence of.an electronlc. coupling matrix elemgnt in a
undergoes the CSH from the Fc moiety to generaté—Fc homologous series of porphyrln-fullereng dyad and triad (i.e.,
(ZnPy—Csg—. In fact, the time profile of absorption around 660 Z"P~Cso, FC-ZnP-Cs), and the damping factorf) was
nm can be fitted by a fast decay((ZnPy'*) = 67 ns] (Figure determined to be 0.58 &.22¢ Given thep value together with
6b), which corresponds to the CSH from the Fc moiety to the the 4 value (1.2 eV)??°the CR rate constant fromeE to
(ZnPY* (Kericsty= 1.3 x 107 s 136 The CSH value is smaller ~ FC' (Ker(cro) is anticipated to be-10% s™, which is 2 orders
by 2 orders of magnitude than that ofFZnP—Cgo (2.8 x 10° of magnitude smaller than the experimental values.
571).22c37Given that theker(cry) value of Fe-(ZnPy+—Ceg~ To clarify the reason for this discrepancy between the
is the same as that of (ZnP)—Ces~ (1.9 x 10° s°1), the observ_ed and the expected CR rz_ites, the_temperature de_pendfence
quantum yield of CSH®cs) is found to be 0.87, according of the intramolecular CR rates in the triads was examined in
to eq 3. THF, PhCN, and DMF. The Arrhenius plots, the logarithmic
CR rate of FE—(ZnP)—Css"~ [log(ketcryond] VS T, reveal
no appreciable deviation from the best-fitted straight line (Figure
7). From the observed temperature dependence, the activation
energies ;) were determined to be 0.16 eV in THF, 0.15 eV
in PhCN, and 0.19 eV in DMF.

The appreciable activation energies observed for the CR
processes contradict the fact that the CR processes (the driving
force is in the range of 0.911.03 eV in Table 3) are nearly on
the top region of the Marcus parabola, when the activation
energies of the direct CR processes would be close to zero. The
observedE, values (0.150.19 eV) are rather comparable to
the energy difference between Fe(ZnPy—Css~ and Fe-
(ZnNP)*™—Cgo~ (0.34 eV in PhCN), the value of which was
evaluated by neglecting the Coulombic interaction in the radical
ion pair (vide supra). The smallét, values, as compared to
of the CS states (i.e., Fe-(ZnPr—Css'") at 295 K have been  the energy difference, may be ascribed to the difference in the
determined by analyzing the decay kinetics of thg Cmoiety Coulombic term, which should be larger inHZnP)**—Ceo"~
in various polar solvents, and the results are also summarizedthan in F¢'—(ZnP»—Cs¢'~ because of the larger edge-to-edge
in Table 3. The time-absorption profiles were fitted as a single- distance in the latte} Thus, the back ET to the ground state
exponential decay. The CR rate constants 6f-HZnPy—Csc~ occurs via the reversed stepwise processes, that is, a rate-limiting
ET from (ZnP) to Fc" to give the initial CS state (Fe

(36) The residual absorbance observed at 660 nm in Figure 6b corresponds to, ot o— o— ot
the absorption due todg~, which decays at a much slower rate, as shown (ank Ceo )' followed by afast ET from 6 to (ZnP>

Figure 7. Arrhenius plots of the CR rate for Fe-(ZnP)—Cs¢"~ [lOg-
(keT(cryobd] in THF (circle), PhCN (cross), and DMF (triangle).

o _ kET(CSHl)
cesrt kET(CRl) + kET(CSHl)

Assuming that the quantum yield of CSH from Fe
(ZnPk'f—Cao to FCF—(ZﬂPk—Cao ~is unity (q)CSH2= 1), the
overall quantum yield of the formation of £e (ZnP)—Ceo"~
[®cg(total) = PesiPcshi + PesPeshg is determined as 0.80
(Table 3). Similar photodynamical behavior was observed in
THF (Pcgtotal) = 0.71) and DMF @cg(total) = 0.88), and
the results are summarized in Tablé83The overall quantum
yields of the formation of Fc—(ZnP)—Css~ are as large as
those of FE—ZnP—Cg¢~, despite of the largeRee value in the
former.

Stepwise CR Processedhe CR rate constant&ercr)ond

®)

in the time profile at 1000 nm.

(37) Ohta et al. suggested that photoinduced charge transfer occurs along the

meso,meso-linked zincporphyrin arrayaSimilar charge migration might
take place in the zincporphyrin dimer moiety of-H&ZnP)—Cso.

(38) The total quantum yield of the charge separation (0.71) fer(EnP)—
Cesoin THF agrees largely with the corresponding value (0.63) obtained by
the transient absorption spectea=st 4700 M~ cm~! at 1000 nmy2P

to regenerate the ground state,HZnP)—Cg.4°

It is intriguing to compare the present results with photosyn-
thetic ET in the purple bacterial reaction centers. As described
in the Introduction, ET from Bphe to the primary quinone,
Qa, loses~0.6 eV out of the initial input energy (1.4 eV), which
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is a disadvantage in terms of energy efficiency. However, if singlet state to the 4g, followed by CSH from the ferrocene to
the driving force for ET from Bphte to the primary quinone  the porphyrin dimer radical cation, to produce the ferricenium
Qa becomes much smaller, the stepwise CR process viaion—Cgg radical ion pair with a high quantum yield-Q.71—
intermediate states (BchijQa*~ and (Bchl}y**Bphe~ would 0.88) as well as a long-lived CS lifetime~{(6—83 us)
prevail over the extremely slow direct CR process frogQ depending on the solvent. It should be emphasized here that
to (Bchly*™ (~1 s). Such an escape pathway via stepwise CR the CS lifetime of the present triad has been prolonged by
processes indeed takes place in the present system, because theplacing porphyrin monomer with porphyrin dimer without
direct CR from Gg¢~ to Fc" (Ket(cray~10? s71) would be too reducing the quantum yield significantly. The CS lifetime is
slow to compete with the stepwise processed@ s1). It governed by a rate-limiting ET from (ZnPJo Fc" in Fct—
should be noted here that such a switching of competing (ZnP)—Csg~, which is followed by a subsequent fast ET from
pathways occurs only in doneacceptor arrays with small  Cgr~ to (ZnP)"* to generate the ground state,-RZnP)—
reorganization energiéd,which make it possible to slow the  Cg.

direct CR process from the final CS state to the ground state.

In conclusion, we have prepared ferrocene-porphyrin dimer- ~ Acknowledgment. This work was supported in part by
fullerene triad wheremesgmeselinked porphyrin dimer is Grants-in-Aid (Nos. 11228205, 13440216, and 13031059) and
incorporated successfully into a charge separation unit as athe Development of Innovative Technology (No. 12310) from
photosynthetic multistep ET model for the first time. The triad the Ministry of Education, Culture, Sports, Science and Tech-
reveals photoinduced ET from the porphyrin dimer excited- nology, Japan.

(39) The smaller activation energies (0119 eV) relative to the difference Supporting Information Available: Experimental details
in the energy levels (0.280.40 eV) may also be explained by superex- . . K ' L. !
change-me+diated CR from theC to the F¢ moiety via a virtual state, including synthetic procedures and characterization-(&3) (8
Fc—(ZnPy+—Ceg™. ; ; ol ; ;
(40) No characteristic absorption due to the (ZrP)was detected as an pages, prmt/PDF). This material is available free of charge via
intermediate species for the CR processes 6ffZnPy—Css' . This also the Internet at http://pubs.acs.org.
demonstrates that an intramolecular CR from (Zn@}-c" is much slower
than that from G~ to (ZnP)*. JA016655X
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