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In a novel molecular ferrocene-zinc porphyrin-zinc porphyrin-fullerene (Fc-ZnP-ZnP-C60) tetrad, the
longest lifetime of a charge-separated state ever reported in an artificial photosynthetic reaction center
(1.6 s in DMF at 163 K) has been attained. This lifetime is comparable, for example, to the lifetime (∼1 s)
of the bacteriochlorophyll dimer radical cation ((Bchl)2

•+)-secondary quinone radical anion (QB
•-) ion pair

in the bacterial photosynthetic reaction centers. The present far distant radical ion pair is formed with a
quantum yield of 34%. The radical ion pair Fc+-ZnP-ZnP-C60

•- produced by photoinduced electron transfer
was detected by means of transient absorption spectra as well as ESR spectra. Both the lifetime and the
quantum yield of the final charge-separated state are improved in Fc-ZnP-ZnP-C60 relative to the
corresponding ferrocene-zinc porphyrin-free base porphyrin-fullerene (Fc-ZnP-H2P-C60) tetrad.

Introduction

The most effective strategy to achieve long-distance, charge-
separated states makes use of a sequence of several short-range
electron-transfer reactions along well-designed redox gradients.1-7

The natural photosynthetic reaction center executes this process
with maximum productivity, separating charges with unit
efficiency to yield a spatially and also electronically well-isolated
radical ion pair.8

The recent reported efficiency of 24% found for a long-
distance radical pair in a molecular tetrad (i.e., Fc-ZnP-H2P-
C60; see Chart 1) is a promising starting point.9 Despite the fact
that the small reorganization energy of fullerenes in electron-
transfer reactions assistssamong many other factorssin ac-
celerating the crucial charge-separation step,10-19 the free energy
changes of electron transfer for the formation of initial Fc-
ZnP-H2P•+-C60

•- (1H2P*, -∆G°ET(CS) ) 0.26 eV; 1C60*,
-∆G°ET(CS) ) 0.12 eV; in benzonitrile (PhCN)) are, neverthe-
less, far away from being optimized. Optimal conditions are,
for example, a free energy change of reaction (-∆G°ET(CS)) close
to the thermodynamic maximum, which equals the reorganiza-
tion energy (-∆G°ET(CS) ≈ λ).20

Further advances involve substitution of the metal-free
tetraphenylporphyrin chromophore (H2P) by the corresponding
zinc analogue (ZnP).21 The advantage of this approach is
2-fold: First, it raises the excited-state energy of the chromo-
phore from approximately 1.89 to 2.04 eV. Second, it lowers
the oxidation potential of the electron donor by nearly 300 mV.

As a consequence of these two effects, the energy gap of
the initial charge-separation step is markedly widened
(-∆G°ET(CS)) 0.66 eV in PhCN), which should ensure a better
efficiency, besides being closer to the thermodynamic maximum
(i.e., λ for ZnP-C60 is ca. 0.7 eV9,20).

We report herein on a molecular tetrad, ferrocene-zinc
porphyrin-zinc porphyrin-fullerene (Fc-ZnP-ZnP-C60), a
promising model system that stores 1.1 eV of the initial
excitation energy for 1.6 s at 163 K. Most importantly, the
quantum yield of forming the far distant radical ion pair is 34%,
which is improved compared to that of ferrocene-zinc por-
phyrin-free base porphyrin-fullerene (Fc-ZnP-H2P-C60).

Experimental Section

General Procedures.Melting points were recorded on a
Yanagimoto micro melting point apparatus and not corrected.
1H NMR spectra were measured on a JEOL EX-270 or a JEOL
JNM-LA400 using tetramethylsilane as internal standard. Fast
atom bombardment (FAB) mass spectra were obtained on a
JEOL JMS-DX300. Matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) mass spectra were measured on
a Kratos Compact MALDI I (Shimadzu). Steady-state absorption
spectra were measured on a Shimadzu UV3000 spectrometer.
Fluorescence spectra were taken using a SPEX FluoroMAX-2
fluorometer and corrected. The edge-to-edge distances (Ree) were
determined from CPK modeling using CAChe (version 3.7
CAChe Scientific, 1994).

Materials. All solvents and chemicals were of reagent grade
quality, obtained commercially and used without further puri-
fication except as noted below. Tetrabutylammonium hexafluo-
rophosphate, used as a supporting electrolyte for the electro-
chemical measurements, was obtained from Tokyo Kasei
Organic Chemicals. THF, PhCN, and DMF were purchased
from Wako Pure Chemical Industries, Ltd. and purified by
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successive distillation over calcium hydride. Thin-layer chro-
matography (TLC) and flash column chromatography were
performed with Art. 5554 DC-Alufolien Kieselgel 60 F254

(Merck) and Fujisilicia BW300, respectively.
Synthesis of Fc-ZnP-ZnP-C60. A saturated methanol

solution of Zn(OAc)2 (3.6 mL) was added to a solution of Fc-
ZnP-H2P-C60

9 (28.0 mg, 0.00939 mmol) in CHCl3 (150 mL)
and heated at reflux for 30 min. After cooling, the reaction
mixture was washed with saturated NaHCO3 aqueous solution
twice and dried over anhydrous Na2SO4, and then the solvent
was evaporated. Flash column chromatography on silica gel with
CS2:CHCl3:THF ) 4:16:1 as an eluent (Rf ) 0.30) and
subsequent reprecipitation from THF-methanol gave Fc-ZnP-
ZnP-C60 as a dark violet solid (98% yield, 28.0 mg, 0.00939
mmol): mp > 300 °C; 1H NMR (400 MHz, CDCl2CDCl2 +
pyridine-d5, 60 °C) δ 1.56 (s, 72H), 2.88 (s, 3H), 4.12 (s, 5H),
4.29 (d, J ) 10 Hz, 1H), 4.45 (s, 2H), 4.79 (s, 2H), 4.99
(s, 1H), 5.00 (d,J ) 10 Hz, 1H), 7.6-8.6 (m, 39H), 8.8-9.1
(m, 16H); MALDI-TOF MS m/z 3045 (M + H+), calcd for
C208H142N12FeO3Zn2 3044.0.

Synthesis of ZnP-ZnP-C60. A saturated methanol solution
of Zn(OAc)2 (0.5 mL) was added to a solution of ZnP-H2P-
C60

22 (8.5 mg, 3.0 mmol) in CHCl3 (20 mL) and heated at reflux
for 30 min. After cooling, the reaction mixture was washed with
water twice and dried over anhydrous Na2SO4, and then the
solvent was evaporated. Flash column chromatography on silica
gel with CHCl3 as an eluent and subsequent reprecipitation from
chloroform-methanol gave ZnP-ZnP-C60 as a brown solid
(6.8 mg, 2.3 mmol, 77%): mp> 300°C; 1H NMR (270 MHz,
CDCl3, 50 °C) δ 9.05 (d,J ) 5 Hz, 2H), 9.0 (m, 10H), 8.96
(d, J ) 5 Hz, 2H), 8.87 (d,J ) 5 Hz, 2H), 8.56 (br, 2H), 8.43
(s, 4H), 8.31 (d,J ) 8 Hz, 2H), 8.24 (m, 4H), 8.19 (d,J )
8 Hz, 2H), 8.10 (m, 6H), 8.06 (d,J ) 2 Hz, 4H), 7.93 (d,J )

8 Hz, 2H), 7.81 (m, 5H), 7.68 (d,J ) 9 Hz, 2H), 4.60 (d,J )
9 Hz, 1H), 4.47 (s, 1H), 3.83 (d,J ) 8 Hz, 1H), 2.72 (s, 3H),
1.54 (s, 54H), 1.53 (s, 36H); MALDI-TOF MSm/z 2854
(M + H+), calcd for C199H145N11O2Zn2 2853.0.

Electrochemical Measurements.The differential pulse vol-
tammetry measurements were performed on a BAS 50W
electrochemical analyzer in a deaerated PhCN (or THF and
DMF) solution containing 0.10 Mn-Bu4NPF6 as a supporting
electrolyte at 298 K (10 mV s-1). The glassy carbon working
electrode was polished with BAS polishing alumina suspension
and rinsed with acetone before use. The counter electrode was
a platinum wire. The measured potentials were recorded with
respect to a Ag/AgCl (saturated KCl) reference electrode.
Ferrocene/ferricenium was used as an external standard.9

Flash Photolysis Experiments.For flash photolysis studies,
the fullerene concentrations were prepared to exhibit an optical
density of at least 0.02 at 532 nm, the wavelength of irradiation.
Picosecond laser flash photolysis experiments were carried out
with 532 nm laser pulses from a mode-locked, Q-switched
Quantel YG-501 DP Nd:YAG laser system (pulse width∼18
ps, 2-3 mJ/pulse). The white continuum picosecond probe pulse
was generated by passing the fundamental output through a D2O/
H2O solution. Nano- to millisecond laser flash photolysis
experiments were performed with laser pulses from a Quanta-
Ray CDR Nd:YAG system (532 nm, 6 ns pulse width) in a
front face excitation geometry. A Xe lamp was triggered
synchronously with the laser. A monochromator (SPEX) in com-
bination with either a Hamamatsu R 5108 photomultiplier or a
fast InGaAs diode was employed to monitor transient absorption
spectra. The quantum yields were measured using the compara-
tive method. In particular, the strong fullerene triplet-triplet
absorption (ε700 nm ) 16100 M-1 cm-1; ΦTRIPLET ) 0.98)22

served as a probe to obtain the quantum yields for the charge-
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separated state, especially for the fullereneπ-radical anion
(ε1000 nm ) 4700 M-1 cm-1).22 Solutions of the C60-reference
and the donor-acceptor ensemble were prepared to exhibit
identical absorptions at the excitation wavelengths532 nm.
Then, differential absorption changes (∆OD) were measured at
700 and 1000 nm, respectively. By probing samples with
absorptions in the range between 0.05 and 0.5, possible filter
effects were eliminated and the linearity of the response was
guaranteed.

ESR Measurements under Photoirradiation.A quartz ESR
tube (internal diameter 4.5 mm) containing deaerated PhCN
solutions of the porphyrin-fullerene linked compounds (1.0×
10-5 M) was irradiated in the cavity of the ESR spectrometer
with the focused light of a 1000 W high-pressure Hg lamp
(Ushio-USH1005D) through an aqueous filter. The internal
diameter of the ESR tube is 4.5 mm, which is small enough to
fill the ESR cavity, but large enough to obtain good signal-to-
noise ratios during the ESR measurements under photoirradiation
at low temperatures. The ESR spectra in frozen PhCN were
measured under nonsaturating microwave power conditions at
various temperatures (163-203 K) with a JEOL X-band
spectrometer (JES-RE1XE) using an attached variable-temper-
ature apparatus.9

Results and Discussion

Synthesis.The synthesis and characterization of Fc-ZnP-
H2P-C60,9 ZnP-H2P-C60,22 ZnP-C60,22 ZnP-ref,22 H2P-ref,22

Fc-ref,9 and C60-ref9 (Chart 1) have been described previously.
Fc-ZnP-ZnP-C60 and ZnP-ZnP-C60 were obtained by
treatment of Fc-ZnP-H2P-C60 and ZnP-H2P-C60 with zinc
acetate, respectively (Chart 1). Structures of all new compounds
were confirmed by spectroscopic analysis including1H NMR
and MALDI-TOF mass spectra (see the Experimental Section).

Absorption and Fluorescence Spectra.Figure 1 displays
the absorption spectra of Fc-ZnP-ZnP-C60, Fc-ref, ZnP-ref,
and C60-ref in DMF. The absorption features of the two zinc
porphyrin moieties in the visible region are much stronger than
those of the ferrocene and the C60 moieties, which allows us to
excite the zinc porphyrin moiety selectively with 532 nm light.
It should be noted here that the Soret band of Fc-ZnP-ZnP-

C60 (431 nm) becomes broad and is slightly red-shifted by 2
nm as compared to that of ZnP-ref (429 nm). This indicates a
small contribution of the exciton coupling in the zinc porphyrin
dimer with a rigid spacer.3b Similar spectra were found in THF
and PhCN.

Steady-state fluorescence spectra of Fc-ZnP-ZnP-C60,
ZnP-ZnP-C60, and ZnP-C60 in PhCN match that of ZnP-ref
(λem

max ) 609, 663 nm). After the relative absorbance at the
431 nm excitation wavelength is adjusted, the fluorescence
spectra of Fc-ZnP-ZnP-C60, ZnP-ZnP-C60, and ZnP-C60

in PhCN indicate quenching relative to ZnP-ref (relative
intensities 0.10 for Fc-ZnP-ZnP-C60, 0.10 for ZnP-ZnP-
C60, 0.04 for ZnP-C60, and 1 for ZnP-ref). An illustration is
given in Figure 2 in which the fluorescence spectra of Fc-
ZnP-ZnP-C60 and ZnP-ref are compared. The fluorescence
quenching is attributed to intramolecular photoinduced ET from
the singlet excited state of ZnP to C60 (vide infra).

One-Electron Redox Potentials and ET Driving Force.An
accurate determination of the driving force (-∆G°ET) for all
the intramolecular ET processes required measuring the redox
potentials of Fc-ZnP-ZnP-C60 and the reference chro-
mophores (Fc-ref, ZnP-ref, and C60-ref) in various solvents. The
differential pulse voltammetry was performed in THF, PhCN,
and DMF solutions containing the same supporting electrolyte
(i.e., 0.10 Mn-Bu4NPF6). Table 1 summarizes all the redox
potentials of the investigated compounds. The first one-electron
oxidation potentials (E°ox) of ZnP-ref (0.34 V vs ferrocene/

Figure 1. Absorption spectra of Fc-ZnP-ZnP-C60 (solid line), Fe-
ref (dotted line), ZnP-ref (dashed line), and C60-ref (solid line with
circles) in DMF (1.0× 10-6 M).

Figure 2. Fluorescence spectra of Fc-ZnP-ZnP-C60 (solid line) and
ZnP-ref (dotted line) in PhCN when adjusting to the same absorbance
at the 431 nm excitation wavelength.

TABLE 1: One-Electron Redox Potentials (versus Fc/Fc+)a

of Fc-ZnP-ZnP-C60, ZnP-ref, Fc-ref, and C60-ref in
Various Solvents

E°ox/V E°red/V

compound solvent ZnP•+/ZnP Fc+/Fc C60/C60
•-

Fc-ZnP-ZnP-C60 PhCN 0.31 0.07 -1.04
ZnP-ref, Fc-ref, C60-ref THF 0.40b 0.05b -1.02b

ZnP-ref, Fc-ref, C60-ref PhCN 0.34b 0.07b -1.04b

ZnP-ref, Fc-ref, C60-ref DMF 0.29b 0.06b -0.92b

a The redox potentials were measured by differential pulse voltam-
metry in THF, PhCN, and DMF using 0.10 Mn-Bu4NPF6 as a
supporting electrolyte with a sweep rate of 10 mV s-1. b Taken from
ref 9.
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ferricenium (Fc/Fc+)) and Fc-ref (0.07 V vs Fc/Fc+) and first
one-electron reduction potential (E°red) of C60-ref (-1.04 V vs
Fc/Fc+) in PhCN are virtually the same as those of Fc-ZnP-
ZnP-C60 in PhCN. This implies that electronic interaction
between the chromophores is negligible in the ground state. The
first one-electron oxidation potential of Fc-ref remains nearly
constant, despite the substantial increase in solvent polarity. On
the other hand, ZnP-ref and C60-ref exhibit negative and positive
shifts, respectively, for the underlying first one-electron oxida-
tion and reduction potentials with increasing solvent polarity.
The one-electron reduction potentials of reference compounds
ZnP-ref and H2P-ref were also determined as-1.82 V21 and
-1.64 V in PhCN (vs Fc/Fc+), respectively. This indicates that
the LUMO energy of ZnP-ref is higher than that of H2P-ref.

The driving forces (-∆G°ET(CR)) for the intramolecular
charge-recombination processes from the fullerene radical anion
(C60

•-) to the zinc porphyrin radical cation (ZnP•+) and the
ferricenium ion (Fc+) were calculated by eq 1, wheree stands

for the elementary charge. On the other hand, the driving forces
for the intramolecular charge-separation processes (-∆G°ET(CS))
from the zinc porphyrin singlet excited state to C60 was
determined by eq 2, where∆E0-0 represents the energy of the

0-0 energy gap between the lowest excited singlet state and
the ground state, which is determined by the 0-0* absorption
and 0*-0 fluorescence maxima. The driving forces for intramo-
lecular charge-shift (CSH) processes (-∆G°ET(CSH)) from the
Fc to the ZnP•+ in Fc-ZnP-ZnP-C60 were determined by
subtracting the energy of the final state from that of the initial
state.

Photodynamical Studies.We reported previously the pho-
todynamics of ZnP-C60, ZnP-H2P-C60, Fc-ZnP-C60, and
Fc-ZnP-H2P-C60 in PhCN in depth.9,21,22 Herein we focus
on the photodynamics of ZnP-ZnP-C60 and Fc-ZnP-ZnP-
C60 in comparison with those of preciously reported dyad, triad,
and tetrad systems.9,21,22

ZnP-ZnP-C60 Triad. Pumping light into the ZnP ground
state with short 532 nm laser pulses (i.e., absorption ratio ZnP:
C60 ) 85:15) led to the population of its singlet excited state,
1ZnP*. The lifetime of this intermediate state is short, since the
lowest vibrational state of the singlet excited state undergoes
efficient charge separation to yield ZnP-ZnP•+-C60

•-. Spectral
characteristics of the charge-separated state of ZnP-ZnP-C60

comprise transient absorption in the visible and near-infrared
with characteristic maxima around 650 nm (i.e., ZnP•+) and
1000 nm (i.e., C60

•-), respectively, similar to that found for
ZnP-C60 as shown in Figure 3. In deoxygenated PhCN, for
example, charge separation takes place with a time constant of
1.1 × 1010 s-1.

The lifetime of the radical ion pair in ZnP-ZnP-C60 reveals
a two-component decay as shown in Figure 4. The faster
segment (Figure 4a) reveals a lifetime of several hundred
nanoseconds, while the slower segment (Figure 4b) lies in the
range of several tens of microseconds; see Table 2. Both decay
components were best fitted by first-order kinetics. This leads
us to conclude that both processes are intramolecular in nature.
What is interesting to note is that not only are the decay rates
of the short-lived species identical with those of ZnP•+-C60

•-

in the dyad (Table 2), but also their spectral characteristics are

superimposable. On the basis of these kinetic and spectroscopic
accounts, we must infer that the origin of this fast decay process
is the adjacent radical ion pair, ZnP-ZnP•+-C60

•-. Taking into
account the similarity in molecular structure of ZnP-ZnP-C60

and ZnP-H2P-C60, the lifetimes of ZnP•+-H2P-C60
•- (PhCN,

21 µs) helped to shed light on the nature of the secondary
component. The close match between them leads us to postulate
that the long-lived product is the distant radical ion pair, namely,
ZnP•+-ZnP-C60

•-. Thus, the coupling between the two zinc
porphyrinssin the central ZnP-ZnP building blocksis suf-
ficient to create the far distant analogue to ZnP-ZnP•+-C60

•-,
that is, ZnP•+-ZnP-C60

•- via an intramolecular charge-shift
reaction.25-27

Figure 3. Differential absorption changes recorded 50 ns (dashed line)
and 4µs (solid line) after 532 nm excitation of ZnP-ZnP-C60 (1.0×
10-5 M) in deaerated PhCN solution.

Figure 4. Time-absorption profiles recorded at 1000 nm after 532
nm excitation of ZnP-ZnP-C60 (1.0× 10-5 M) (a) up to 8µs and (b)
up to 40µs in deaerated PhCN solution.

-∆G°ET(CR) ) e[E°ox(D
•+/D) - E°red(A/A •-)] (1)

-∆G°ET(CS)) ∆E0-0 + ∆G°ET(CR) (2)
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Fc-ZnP-ZnP-C60 Tetrad. Transient absorption measure-
ments with Fc-ZnP-ZnP-C60 in THF, PhCN, and DMF are
similar to those in the aforementioned sections regarding the
different ZnP-C60 and ZnP-ZnP-C60 ensembles. Upon 18 ps
laser excitation of 1.0× 10-5 M Fc-ZnP-ZnP-C60 in
deoxygenated solvents, the short-lived features of1ZnP*, that
is, broad transitions in the 570-750 nm region, are still
discernible.1ZnP* decays with rate constants of 1.2× 1010,
1.3 × 1010, and 1.3× 1010 s-1 in THF, PhCN, and DMF,
respectively. A spectral comparison with ZnP•+-C60

•- suggests
that the product of these intramolecular reactions is the Fc-
ZnP-ZnP•+-C60

•- radical pair. This indicates that the photo-
induced electron transfer occurs from Fc-ZnP-1ZnP*-C60

rather than from Fc-1ZnP*-ZnP-C60 to produce Fc-ZnP-
ZnP•+-C60

•-. In addition, the one-electron-oxidized ZnPπ-radi-
cal cation is readily identified by its broad maximum, located
in the visible region around 650 nm. In contrast to the ZnP-
C60

21 and ZnP-ZnP-C60 systems, the ZnP•+ fingerprint is
metastable and starts to decay already on the picosecond time
scale, while the C60

•- absorption was found to be stable during
this period. Taking the spectroscopic and kinetic evidence in
concert and in accordance with our earlier work regarding Fc-
ZnP-H2P-C60,9 we assign the ZnP•+ decay a charge shift from
Fc to ZnP•+, whose rate constants in the different media are
listed in Table 3.25

In line with the proposed electron-transfer scenario, the
differential absorption changes, recorded immediately after an
8 ns pulse, showed the same spectral features of C60

•- as
observed at the end of the picosecond experiments. Specifically,
two maxima located at 360 and 1000 nm were observed (Figure
5). Spectroscopically, the oxidized donor, Fc, can be identified
by a weak absorption with an extinction coefficient of 1000
M-1 cm-1 at its 800 nm maximum.28 The latter is, however,
masked by the dominant features of C60

•-. It should be noted
that no absorption band due to the ZnP•+ moiety (around 650
nm) is observed in the final charge-separated state of Fc-ZnP-
ZnP-C60 (Figure 5), in contrast with the case of ZnP-ZnP-
C60 (Figure 3). Scheme 1 sketches the reaction scheme and
energy diagram for Fc-ZnP-ZnP-C60 in PhCN. The C60

•-

fingerprint allowed us to determine the lifetime of the final
charge-separated state, Fc+-ZnP-ZnP-C60

•-. The decay curves
(see the inset of Figure 6) were well fitted by bimolecular
second-order kinetics (i.e., between two Fc+-ZnP-ZnP-C60

•-

molecules) rather than unimolecular first-order kinetics.29 From
the best fitsintermolecular dynamics were calculated that are
essentially diffusion controlled. In DMF the exact value is
1.8 × 109 M-1 s-1, while using a highly viscous mediums
Triton X-100sthe rate was slowed to 5.0× 108 M-1 s-1.

To separate the intermolecular from the intramolecular
processes in Fc+-ZnP-ZnP-C60

•-, electron spin resonance
(ESR) measurements were performed in a frozen DMF or PhCN
matrix at variable temperatures under irradiation. The use of a
small concentration (1.0× 10-5 M) of Fc-ZnP-ZnP-C60 is
essential to eliminate the contribution of intermolecular electron
transfer between two Fc+-ZnP-ZnP-C60

•- molecules to
produce independent paramagnetic species, Fc+-ZnP-ZnP-
C60 and Fc-ZnP-ZnP-C60

•-, which have longer lifetimes than
Fc+-ZnP-ZnP-C60

•-. The ESR spectrum in frozen DMF
(Figure 7a) observed under irradiation at 163 K shows a
characteristic isotropic signal attributable to a derivatized C60

•-

(g ) 2.0004).30 The maximum slope line width (∆Hmsl )

TABLE 2: Rate Constants (kET) for Charge Separation (CS) and Charge Recombination (CR) and the Free Energy Changes
(-∆G°ET) in the ZnP-ZnP-C60 Triad at 298 K

solvent initial statea final statea -∆G°ET/eV k/s-1 ΦCS(total)

THF (εs) 7.58) ZnP-1ZnP*-C60(2.07 eV) ZnP-ZnP•+-C60
•- (1.42 eV) 0.65 kET(CS1)) 1.1× 1010

ZnP-ZnP•+-C60
•- (1.42 eV) ZnP-ZnP-C60 1.42 0.74

ZnP•+-ZnP-C60
•- (1.42 eV) ZnP-ZnP-C60 1.42 kET(CR2)) 3.0× 104 0.06

PhCN (εs) 25.2) ZnP-1ZnP*-C60(2.04 eV) ZnP-ZnP•+-C60
•- (1.38 eV) 0.66 kET(CS1)) 1.1× 1010

ZnP-ZnP•+-C60
•- (1.38 eV) ZnP-ZnP-C60 1.38 kET(CR1)) 1.2× 106 0.85

ZnP•+-ZnP-C60
•- (1.38 eV) ZnP-ZnP-C60 1.38 kET(CR2)) 6.6× 104 0.05

DMF (εs) 36.7) ZnP-1ZnP*-C60(2.06 eV) ZnP-ZnP•+-C60
•- (1.21 eV) 0.85 kET(CS1)) 1.4× 1010

ZnP-ZnP•+-C60
•- (1.21 eV) ZnP-ZnP-C60 1.21 kET(CR1)) 1.6× 106 0.50

ZnP•+-ZnP-C60
•- (1.21 eV) ZnP-ZnP-C60 1.21 kET(CR2)) 5.0× 104 0.05

a The energy of each state relative to the ground state is given in parentheses.

TABLE 3: Rate Constants (kET) for CS and CR and the Free Energy Changes (-∆G°ET) in the Fc-ZnP-ZnP-C60 Tetrad
at 298 K

solvent initial statea final statea -∆G°ET/eV k/s-1 ΦCS(total)

THF (εs) 7.58) Fc-ZnP-1ZnP*-C60(2.07 eV) Fc-ZnP-ZnP•+-C60
•- (1.42 eV) 0.65 kET(CS1)) 1.2× 1010

Fc-ZnP•+-ZnP-C60
•- (1.42 eV) Fc+-ZnP-ZnP-C60

•- (1.07 eV) 0.35 kET(CSH2)) 7.6× 108

Fc+-ZnP-ZnP-C60
•- (1.07 eV) Fc-ZnP-ZnP-C60 1.07 0.26

PhCN (εs) 25.2) Fc-ZnP-1ZnP*-C60(2.04 eV) Fc-ZnP-ZnP•+-C60
•- (1.38 eV) 0.66 kET(CS1)) 1.3× 1010

Fc-ZnP•+-ZnP-C60
•- (1.38 eV) Fc+-ZnP-ZnP-C60

•- (1.11 eV) 0.27 kET(CSH2)) 8.1× 108

Fc+-ZnP-ZnP-C60
•- (1.11 eV) Fc-ZnP-ZnP-C60 1.11 kET(CR3)

b ) 0.76 0.34
DMF (εs) 36.7) Fc-ZnP-1ZnP*-C60(2.06 eV) Fc-ZnP-ZnP•+-C60

•- (1.21 eV) 0.85 kET(CS1)) 1.3× 1010

Fc-ZnP•+-ZnP-C60
•- (1.21 eV) Fc+-ZnP-ZnP-C60

•- (0.98 eV) 0.23 kET(CSH2)) 8.1× 108

Fc+-ZnP-ZnP-C60
•- (0.98 eV) Fc-ZnP-ZnP-C60 0.98 kET(CR3)

b ) 0.64 0.24

a The energy of each state relative to the ground state is given in parentheses.b Measured at 163 K.

Figure 5. Differential absorption changes recorded 50 ns after 532
nm excitation of Fc-ZnP-ZnP-C60 (1.0× 10-5 M) in deaerated PhCN
solution.
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2.3 G) is also typical for a derivatized C60
•- with a low

symmetry.30 Since there is no significant broadening of the ESR
signal, the spin-spin interaction in Fc+-ZnP-ZnP-C60

•- may
be negligible because of the long distance between the Fc+ and
C60

•- moieties. No direct ESR evidence for the ferricenium ion,
Fc+, in the Fc+-ZnP-ZnP-C60

•- pair is seen, which is
rationalized by the well-known line-broadening of the Fc+ ESR
signal.9 Thus, the observed ESR signal is virtually the same as
that reported for Fc+-ZnP-H2P-C60

•-.9 It should be empha-
sized that similar ESR signals are observed for ZnP-C60 and
ZnP-H2P-C60 under the same experimental conditions, but that
the ESR intensities are negligibly small as compared with those
of Fc+-ZnP-ZnP-C60

•-.9

The ESR signal was monitored at a constant magnetic field.
As shown in Figure 7b, an immediate growth of the ESR signal
in frozen DMF was registered upon “turning on” the irradiation
of Fc-ZnP-ZnP-C60. During the illumination, only a slight
amplification was noted. However, upon “turning off” the
irradiation source, the ESR signal did not diminish instanta-
neously. Instead, a two-component decay was found (Figure
7c): A major, slow component that was best fitted by first-
order kinetics yields a rate constant of 0.64 s-1 (corresponding
to a lifetime of 1.6 s) which is assigned to the intramolecular
charge-recombination process (kET(CR3)). A minor, fast compo-
nent suggests the involvement of intermolecular electron transfer
between two Fc+-ZnP-ZnP-C60

•- molecules. Similar behav-

ior was noted for frozen PhCN, from which we determined a
lifetime of 1.3 s at 163 K.31

Analysis of the electron-transfer reactions was carried out
with the help of the Marcus equations (eqs 3 and 4),20

with λ being the reorganization energy,∆G°ET the free energy
change,V the electronic coupling matrix element,T the absolute
temperature, and∆Gq the activation barrier for the electron-

SCHEME 1

Figure 6. Time profile of absorbance at 1000 nm obtained by
nanosecond time-resolved absorption spectra of the Fc-ZnP-ZnP-
C60 tetrad in N2-saturated DMF excited at 532 nm at 298 K. Inset:
Second-order plot derived from the absorption change at 1000 nm.

Figure 7. (a) ESR spectrum of Fc-ZnP-ZnP-C60 (1.0 × 10-5 M)
in a frozen deaerated DMF solution observed at 163 K under irradiation
of ultraviolet-visible light from a high-pressure Hg lamp, (b) signal
intensity response of Fc+-ZnP-ZnP-C60

•- (1.0× 10-5 M) in a frozen
deaerated DMF solution at the maximum of the ESR signal intensity
due to the C60

•-, and (c) first-order plot for the decay of the ESR signal
intensity (I) in Fc-ZnP-ZnP-C60 (kET(CR) ) 0.64 s-1).

kET ) ( 4π3

h2λkBT)1/2

V2 exp[-
(∆G°ET + λ)2

4λkBT ] (3)

∆Gq )
(∆G°ET + λ)2

4λ
(4)
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transfer reaction. Transformation of the “Marcus equation”
(eq 3) into its linear formsas given in eq 5senabled evaluation
of ∆Gq, λ, andV (vide infra).

It should be mentioned that a plot of ln(kET(CR3)T1/2) vs T-1

reveals a small activation barrier (∆Gq), from which we derive
an upper limit of 0.008 eV (Figure 8).31 Such a weak
temperature dependence is in accord with that observed for
Fc+-ZnP-H2P-C60

•-.9 On the basis of the weak temperature
dependence, we rule out a stepwise intramolecular charge
recombination via the Fc-ZnP•+-ZnP-C60

•- and Fc-ZnP-
ZnP•+-C60

•- transients. The lifetime of the charge-separated
state of Fc-ZnP-ZnP-C60 due to the intramolecular charge
recombination at 298 K was determined from Figure 8 as 1.3 s
in DMF. The reorganization energy (λ) and the electronic
coupling matrix element (V) were determined as 1.16 eV and
5.6 × 10-5 cm-1 in DMF. The λ value of Fc+-ZnP-ZnP-
C60

•- is similar to that of Fc+-ZnP-H2P-C60
•- (λ ) 1.27 eV),9

because the electron donor (C60
•-) and acceptor (Fc+) moieties

are the same in Fc+-ZnP-ZnP-C60
•- and Fc+-ZnP-H2P-

C60
•- . In contrast, theV value of Fc+-ZnP-ZnP-C60

•- is
significantly smaller than the value of Fc+-ZnP-H2P-C60

•-

(V ) 1.9 × 10-4 cm-1). Such a smallerV value may result
from the smaller orbital overlap between ZnP and C60

•- in Fc+-
ZnP-ZnP-C60

•- compared with that between H2P and C60
•-

in Fc+-ZnP-H2P-C60
•-, because of the higher LUMO level

(lower E°red) of ZnP compared to H2P (vide supra).
As far as the quantum yields regarding the conversion of

photoexcited Fc-ZnP-ZnP-C60 into Fc+-ZnP-ZnP-C60
•-

are concerned, by means of the comparative method (see the
Experimental Section) we determined quantum yields that vary
between 0.24 and 0.34; see Table 3. Relative to the Fc-ZnP-
H2P-C60 analogue, this is an amplification of about 40%.

Conclusions

In summary, in the current work we demonstrated the very
slow intramolecular charge-recombination process (i.e., 1.3 s
in DMF at 298 K by estimation from the temperature depen-
dence, 1.6 s in DMF at 163 K, and 1.3 s in PhCN at 163 K)

within a novel molecular Fc-ZnP-ZnP-C60 tetrad, observable
by ESR measurements under irradiation. Both the lifetime and
the quantum yield of the final charge-separated state are
improved in Fc-ZnP-ZnP-C60 relative to Fc-ZnP-H2P-
C60. It should be emphasized here that the lifetimes1.3 s in
DMF at 298 Ksis by far the longest value ever reported for
intramolecular charge recombination in synthetic donor-
acceptor systems, including porphyrin-fullerene linked sys-
tems.1-10,32,33 This value is also comparable to the lifetime
(∼1 s) of the bacteriochlorophyll dimer radical cation ((Bchl)2

•+)-
secondary quinone radical anion (QB

•-) ion pair in bacterial
photosynthetic reaction centers.8
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