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A bacteriochlorin-C60 dyad (H2BCh-C60) and a zinc chlorin dyad (ZnCh-C60) with the same short spacer have
been synthesized. The rate constants for the charge-separation (CS) processes in these dyads were determined
by fluorescence lifetime measurements of the dyads. The charge-recombination (CR) rate constants of the
dyads were determined using laser flash photolysis. The photoexcitation of the zinc chlorin-C60 dyad results
in formation of the long-lived radical ion pair, which has absorption maxima at 790 and 1000 nm due to the
zinc chlorin radical cation and the C60 radical anion, respectively. Photoexcitation of the free-base
bacteriochlorin-C60 dyad with the same short linkage leads to formation of the radical ion pair, which decays
quickly to the triplet excited state of the bacteriochlorin moiety. The driving force dependence of the electron-
transfer rate constants of these dyads with a short spacer affords a small reorganization energy (λ ) 0.51 eV)
as compared with theλ value (0.66 eV) of zinc porphyrin-C60 dyads with a longer spacer.

Introduction

Extensive efforts have been devoted toward the preparation
of electron donor-acceptor linked compounds which, upon
photoexcitation, give rise to a long-lived photoinduced charge-
separated state in high quantum yields as achieved in the
photosynthetic reaction center.1-9 Porphyrins that have highly
delocalizedπ systems are suitable for efficient electron transfer
because the uptake or release of electrons results in minimal
structural and solvation changes upon electron transfer.4,9 A
long-lived photoinduced charge-separated state exhibiting a
lifetime of milliseconds was observed by using a chlorophyll-
porphyrin-quinone triad.10 In this case, however, a significant
amount of energy was lost during the sequential electron
transfer. With the advent of fullerenes, a new three-dimensional
electron acceptor became available, exhibiting attractive char-
acteristics.1,5,7 In particular, fullerenes have remarkably small
reorganization energies of electron transfer, which result from
the π-electron systems being delocalized over the three-
dimensional surface together with the rigid, confined structure
of the aromaticπ sphere.12-14 The small reorganization energy
leads to acceleration of the charge separation (CS) and decelera-
tion of the charge recombination (CR) processes as expected

from the Marcus theory of electron transfer.15 The rate of CR
can be markedly slowed by shifting deep into the inverted region
of the Marcus parabola where the driving force (-∆G0

ET) is
larger than the total reorganization energy (λ) of electron
transfer.15 Extensive efforts have been directed toward establish-
ing the driving force dependence of rate constants for the
electron transfer and thereby probing the Marcus inverted region
where the electron-transfer rate decreases with increasing the
driving force of electron transfer.12-14 We have recently
achieved a 380 ms charge-separated lifetime by using a
ferrocene-porphyrin-porphyrin-C60 tetrad.16 In natural sys-
tems, however, reduced porphyrins, namely chlorins and bac-
teriochlorins, are the electron donor pigments of the electron-
transfer processes. The number of reduced double bonds in the
pyrrole rings is zero in the case of porphyrins, one in the case
of chlorins, and two diagonal to each other in the case of
bacteriochlorins. This difference in the degree of macrocycle
conjugation leads to a considerable change in the excited states,
absorption spectra, and redox properties.17-19 Therefore, it is
of great interest to examine the use of chlorophyll-like molecules
such as chlorins.17-19 Some researchers have previously reported
the synthesis and photochemical and electrochemical properties
of a chlorophyll-like donor (a chlorin) linked to C60 (chlorin-
C60) or porphyrin-C60 dyads with the same short spacer between
the macrocycle and the fullerene.20-22 The photoexcitation of
the zinc chlorin-C60 dyad results in an unusually long-lived
radical ion pair.23 However, bacteriochlorin-C60 as a bacter-
ichlorophyll-like donor linked fullerene dyad has not been
reported.

In the present study, we have designed and synthesized new
free-base bacteriochlorin- and zinc chlorin-fullerene dyads.
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These dyads (1 and2) and their reference compounds (3 and
4) are shown in Chart 1, together with the related dyads reported
previously (5-9).14,23 The dyads (1, 2, 5-8) contain the same
short spacer, where the edge-to-edge distance (Ree) is 5.9 Å.
This is significantly shorter than theReevalue (11.9 Å) of ZnP-
CONH-C60 (9).14 The electrochemical and photochemical
properties of these dyads have been investigated in detail. These
data, together with those of similar dyads with a longer spacer
reported earlier, provide an excellent opportunity to examine
the effects of spacer distance on the rates of photoinduced
electron transfer and back electron transfer of these dyads in
light of the Marcus theory of electron transfer.

Experimental Section

General. Tetrabutylammonium perchlorate (n-Bu4NClO4),
used as a supporting electrolyte for the electrochemical mea-
surements was obtained from Fluka Fine Chemicals, recrystal-
lized from ethanol and dried in vacuo prior to use. Benzonitrile
was purchased from Wako Pure Chemical Ind., Ltd. and purified
by successive distillation over P2O5.24

Time-resolved spectroscopic, electrochemical, and ESR mea-
surements of the dyads were perfomed as reported previously.23

Synthesis.The dyads were synthesized by following the
reaction sequences as shown in Schemes 1 and 2.

Bacteriopurpurin-18-N-propargylimide methyl ester (11). A
mixture of bacteriopurpurin-18 methyl ester10 (80 mg, 0.13
mmol) and propargylamine (2 g, 36 mmol) in 30 mL benzene
was refluxed overnight under an argon atmosphere, after which
solvent and excess reagent were removed. The crude product
thus obtained was chromatographed on silica column, eluting
with 2% MeOH/CH2Cl2. After evaporating the solvents,11was
obtained in 60% yield (50 mg), mp 244°C. FAB for C37H39N5O5

(m/z): 633.5 (M+). HRMS calcd 634.3023 (M+ 1); found
634.3035. UV-vis [CH2Cl2, nm(ε)]: 365 (8.9 × 104), 415
(4.4× 104), 545 (3.3× 104), 755 (1.7× 104), 825 (6.4× 104).
1H NMR (400 MHz, 5.0 mg/mL CDCl3, δ ppm): 9.22, 8.81,
and 8.62 (each s, 1H, 5-H, 10-H, and 20-H), 5.32 (m,J ) 7.3
Hz, 1H, 17-H), 5.25 (dd, 2H,J ) 6.6, 2.2 Hz,N-CH2), 4.31
(m, 1H, 17-H), 4.28 (q,J ) 7.7 Hz, 1H, 18-H), 4.10 (m, 1H,
8-H), 3.72, 3.59, 3.55, and 3.18 (each s, 3H, 2- CH3, 12-CH3,
CO2CH3 and COCH3), 2.71, 2.36, 2.08, and 1.96 (each m, 1H,
171-CH2 and 172-CH2), 2.40 (q,J ) 10.3 Hz, 2H, 8-CH2CH3),
2.30 (t, J ) 2.2 Hz, 1H, CH), 1.83 and 1.72 (each d,J )
7.5 Hz, 3H, 7-CH3 and 18-CH3), 1.12 (t,J ) 7.2 Hz, 3H, 8-
CH2CH3), -0.40 and-0.64 (each br s, 1H, 2 x N-H).

Bacteriochlorin-diene (12). To a solution of11 (70 mg, 0.11
mmol) in 10 mL dichloromethane was added 10 mg of Grubbs’
catalyst (10 mol %). The reaction mixture was stirred under

CHART 1
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ethylene gas balloon at room temperature for 48 h. After
removing the solvent, the crude product was chromatographed
on silica plate, eluting with 2% MeOH/CH2Cl2, and 12 was
obtained in a 50% yield (35 mg), along with 30% (20 mg, 0.03
mmol) of the starting material, mp 268°C. FAB calcd for
C39H43N5O5 MS (m/z): 662.4 (M + 1). HRMS 662.3336
(M + 1); found 662.3346. UV-vis (CH2Cl2, nm(ε)): 365
(9.4× 104), 415 (4.9× 104), 545 (3.8× 104), 825 (7.6× 104).
1H NMR (400 MHz, CDCl3, δ ppm): 9.24, 8.83 and 8.64 (each
s, 1H, 5-H, 10-H and 20-H), 6.67 (dd,J ) 18.3 Hz, 11.8 Hz,
1H, diene-H), 5.60 (d,J ) 18.3 Hz, 1H, diene-H), 5.33 (m,
1H, 17-H), 5.29 (d,J ) 13.7 Hz, 1H, diene-H), 5.27 (s, 2H,

N-CH2), 5.17 (d,J ) 24.3 Hz, 2H, diene-H), 4.31 (m, 1H,
7-H), 4.27 (q,J ) 7.4 Hz, 1H, 18-H), 4.15 (dt,J ) 8.2, 3.5 Hz,
1H, 8-H), 3.71 and 3.18 (each s, 3H, 2× CH3), 3.56 (s, 6H,
2 × CH3), 2.67, 2.39, 2.08, and 1.96 (each m, 1H, 171-CH2

and 172-CH2), 2.36 (q,J ) 10.2 Hz, 2H, 8-CH2CH3), 1.82 and
1.74 (each d,J ) 7.5 Hz, 3H, 7-CH3 and 18-CH3), 1.12 (t,J )
7.2 Hz, 3H, 8-CH2CH3), -0.42 and-0.67 (each br s, 1H, 2×
N-H).

Bacteriochlorin-C60 Dyad (1, H2BCh-C60). Diene12 (27 mg,
0.041 mmol) and C60 (30 mg, 0.042 mmol) were mixed in 20
mL toluene and refluxed for 2 h under argon. After removing
the solvent, the crude products were chromatographed on silica
plate, eluting with 2% MeOH/CH2Cl2, and the desired product
1 was obtained in 28% yield (16 mg). Melting point:>300
°C. UV-vis [CH2Cl2, nm (ε)]: 365 (9.7× 104), 415 (4.5×
104), 550 (3.6× 104), 830 (7.1× 104). FAB calculated for
C99H43N5O5 (m/z): 1382.6 (M+ 1), 720.7 (C60). HRMS calcd
1382.3336 (M+ 1); found 1382.3358.1H NMR (400 MHz,
5.0 mg/mL CDCl3, δ ppm): 9.18, 8.69, and 8.55 (each s, 1H,
5-H, 10-H and 20-H), 7.23 (t,J ) 6.9 Hz, 1H, cyclohexene-
H), 5.66 (ABX, J ) 22.1, 14.0 Hz, 2H,N-CH2), 5.22 (m,J )
8.9 Hz, 1H, 17-H), 4.32 (ABX,J ) 14.4, 12.4 Hz, 2H,
cyclohexene-H), 4.26 (m,J ) 6.9, 3.4 Hz, 1H, 7-H), 4.21 (q,
J ) 7.2 Hz, 1H, 18-H), 4.06 (dt,J ) 8.2, 3.5 Hz, 1H, 8-H),
3.98 (d,J ) 6.0 Hz, 2H, cyclohexene-H), 3.64, 3.54, 3.51, and
3.16 (each s, 3H, 4× CH3), 2.39 (q,J ) 7.5 Hz, 2H, 8CH2-
CH3), 2.69, 2.30, 2.03, and 1.85 (each m, 1H, 171-CH2 and 172-
CH2), 1.81 and 1.61 (each d,J ) 7.2 Hz, 3H, 7-CH3 and 18-
CH3), 1.06 (t,J ) 7.5 Hz, 3H, 8-CH2CH3), -0.56 and-0.69
(each br s, 1H, 2× N-H).

Purpurin-18-N-(2-morpholine)ethylene-imide Methyl Ester
(14). Purpurin-18 methyl ester13 (100 mg, 0.17 mmol) was
reacted with 4-(2-aminoethyl)morpholine (1 mL, 7.6 mmol) by
following the procedure described for the preparation of11,

SCHEME 1

SCHEME 2
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and the desired imide analogue was obtained in 72% (84.5 mg)
yield, mp. 120°C. UV-vis [CH2Cl2, nm (ε)]: 365 (5.4× 104),
420 (1.4× 105), 485 (5.4× 103), 510 (7.7× 103), 550 (2.5×
104), 650 (9.0 × 103), 705 (5.4 × 104). Mass calcd. for
C40H46N6O5 690.35; found (FAB)m/z691.8 (M+ 1). Analysis
calcd for C40H46N6O5•1/2H2O: C, 68.63; H, 6.77; N, 12.01.
Found: C, 68.76; H, 6.73; N, 11.62.1H NMR (CDCl3, δ
ppm): 9.62, 9.40, and 8.55 (each s, 1H,meso-H), 7.78 (dd,
J ) 18.6, 11.4 Hz, 1H, CHdCH2), 6.26 and 6.12 (each d, 1H,
CHdCH2), 5.40 (d, 1H,J ) 7.8 Hz, 18H), 4.60 (m, imide-N-
CH2), 4.37 (q, m,J ) 6.7 Hz, 1H, 17H), 3.80, 3.55, 3.37, 3.12
(each s, 3H,-CO2CH3 and 2, 7, 12-CH3), 3.70 (br, 4H,
morpholine O-CH2), 2.80-1.80 (several peaks, 10H,-CH2CH2-
CO2CH3 and -CH2CH2-N-(CH2)2 of morpholine), 1.75 (d,
J ) 7.18 Hz, 3H, 18-CH3), 1.60 (t,J ) 7.1 Hz, 3H, 8-CH2-
CH3), 0.05 and 0.08 (each s, 1H, 2× NH).

Zn(II) Purpurin-18-N-(2-morpholine)ethylene-imide Methyl
Ester (15). Purpurinimide14 (50 mg, 0.072 mmol) was reacted
with Zn(OAc)2 in methanol by following the procedure de-
scribed for Zn(II)imide3, and the title compound was isolated
in 90% yield (48.8 mg): mp 169°C. 1H NMR (CDCl3, δ
ppm): 9.28, 9.12, and 8.30 (each s, 1H,meso-H), 7.80 (m, 1H,
-CHdCH2), 6.10 and 6.00 (each d,J ) 7.3 and 11.5 Hz,
respectively, 1H, CHdCH2), 5.30 (br, 1H, 17-H), 4.20 (2H, m,
imide-N-CH2), 3.60 (m, 3H, 18-H and 8-CH2CH3), 3.55, 3.45,
3.20, and 3.10 (each s, 3H, CO2CH3 and 2× ring-CH3 and-O-
(CH2)2 of morpholine; 2.65 (s, 3H, N-(CH3)2, 2.60 (3H, ring-
CH3), 2.80-1.80 (several peaks, 10H,-CH2CH2CO2CH3,-
CH2CH2-N-(CH2)2 of morpholine), 1.75 (brt,J ) 8.0 Hz, 3H,
18-CH3), 1.62 (brs, 3H, 8-CH2CH3), 1.20 (brs, 2H, 2× NH).

Zinc(II) 3-DeVinyl-3-[2-(N,N-dimethylamino)]prop-1-enyl-
purpurin-18-N-(2-morpholine)-ethyleneimide Methyl Ester(4,
ZnCh/ref).To a solution of purpurinimide (15) (40 mg, 0.053
mmol) in 20 mL dichloromethane was added Eschenmoser’s
salt (N,N-dimethylmethyleneammonium iodide) (250 mg, 13.5
mmol). The reaction mixture was stirred at room temperature
under argon overnight. After the standard workup, the crude
product was chromatographed on an alumina (Gr III) column,
eluting with 10% MeOH in CH2Cl2. Compound4 was obtained
in 60% yield (25.7 mg), mp. 240°C. UV-vis [CH2Cl2, nm
(ε)]: 434 (6.5× 104), 524 (2.0× 103), 569 (6.6× 103), 635
(9.0 × 103), 683 (3.6× 104). Mass calcd. for C43H51N7O5Zn
809.32; found (FAB)m/z 811.3 (M + 2). HRMS calcd (M+
1) 810.3312; found 810.3292.1H NMR (CDCl3, δ ppm): 9.50,
8.35, and 8.12 (each s, 1H,meso-H), 6.00 and 5.40 (each br,
1H, CHdCH), 4.60 (br, 2H, imide-N-CH2), 4.35 (brm, 2H, 17-
and 18-H), 3.70-3.75 (several peaks merged, 11H, CO2CH3,
2 × ring CH3 and 8-CH2CH3), 3.62 (m, 2H,-CH2N(CH3)2),
3.00-2.5 (several peaks, 12H), 2.60-1.80 (several peaks, 10H,
-CH2CH2CO2CH3, -CH2CH2-N-(CH2)2 of morpholine), 1.80
(m, 6H, 18-CH3 and 8-CH2CH3).

Zn(II) 3-DeVinyl-3-[2-(N,N-dimethylamino)prop-1-enyl-pur-
purin-18-N-C60 Imide (2, ZnCh-C60). Purpurinimide-C60 con-
jugate (6, 36 mg, 0.025 mmol)23 was reacted with Eschen-
moser’s salt (300 mg, 1.61 mmol) by following the procedure
described for the foregoing purpurinimide and the title com-
pound was isolated in 60% yield (22 mg, 0.015 mmol). FAB
for C102H46N6O4Zn (m/z): 1483.3 (M + 1). HRMS calcd
1483.2942 (M + 1); found 1483.2987. UV-vis [CH2Cl2,
nm(ε)]: 434 (7.2× 104), 521 (3.6× 103), 572 (8.3× 103),
638 (1.1× 104), 689 (3.7× 104). 1H NMR (400 MHz, 5.0
mg/mL CDCl3, δ ppm) all resonances were observed as broad
peaks possibly due to strong aggregation.

Results and Discussion

Synthesis and Characterization.H2BCh-C60 (1) and ZnCh-
C60 (2) dyads (Chart 1) were synthesized via a Diels-Alder
reaction of the chlorin and porphyrin with the fullerene (see
Experimental Section).21,22 These tetrapyrrolic compounds
contain a six-membered fused imide ring system and present
an opportunity to design fullerene conjugates containing a spacer
with a defined length and geometry. The1H NMR spectra of
the dyads revealed the presence of only a single species in
solution (see Experimental Section).

The absorption spectra of1 and 2 in benzonitrile (PhCN)
are reasonable superpositions of the spectra of the component
chromophores making up these molecules. Thus, there is no
significant electronic interaction between the individual chro-
mophores in their ground-state configuration.

Electrochemical Properties.The cyclic voltammograms of
H2BCh-C60 (1) and ZnCh-C60 (2) are shown in Figure 1, while
the half-wave potentials (E1/2) of these complexes together with
those of unlinked H2BCh/ref (3) and ZnCh/ref (4) without C60

are summarized in Table 1.25 A comparison with the unlinked
compounds (3 and4) reveals that the cyclic voltammograms of
1 and2 consist of three one-electron reduction processes of C60,
two one-electron reduction processes of the macrocyclic ring
and a single one-electron oxidation process. The first one-
electron reduction of1 occurs at the C60 site atE1/2 (vs SCE)
of -0.59 V, and the second one-electron reduction occurs at
the H2BCh site at a slightly more negative potential (-0.70 V).
The second one-electron reduction of C60

•- is overlapped with
the second one-electron reduction of H2BCh•- at -1.05 V
(Figure 1a). The one-electron reduction of C60

2- is observed at
-1.59 V (Figure 1a). The first one-electron reduction of2 also
occurs at the C60 site atE1/2 ) -0.58 V (Figure 1b) which is
nearly the same as the value of1 (-0.59 V). In this case, the
one-electron reduction of ZnCh occurs at a more negative
potential (-0.99 V) as compared to the value of1 (-0.70 V).
The one-electron reduction of C60

•-, ZnCh•-, and C60
2- occurs

at -1.11 V, -1.40 V, and-1.55 V, respectively (Figure 1b).

Figure 1. Cyclic voltammograms of (a)1 and (b)2 in the presence of
0.10 M n-Bu4NClO4 in PhCN.

TABLE 1: Half-wave Potentials (V vs SCE) of Dyads and
Reference Compounds in PhCN Containing 0.1 M TBAP

oxidation reduction

compound 1st 1st 2nd 3rd 4th 5th

H2BCh-C60 (1) 0.76 -0.59 -0.70 -1.05a -1.05a -1.59
ZnCh-C60 (2) 0.78 -0.58 -0.99 -1.11 -1.40 -1.55
H2BCh/ref (3) 0.75 -0.63 -1.04
ZnCh/ref (4) 0.75 -1.15 -1.43

a Two overlapped one-electron processes.
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On the other hand, the one-electron oxidation of1 and2 occurs
at the macrocyclic ring at 0.76 and 0.78 V, respectively. The
one-electron oxidation of C60 is known to be difficult as
compared to the one-electron oxidation of macrocyclic ring.26

Thus, in each case, the first one-electron oxidation and reduction
occur at the macrocyclic ring and the C60 moiety, respectively.

Fluorescence Quenching.A deoxygenated PhCN solution
containing H2BCh-C60 (1) gives rise upon the photoexcitation
with a 410 nm monochromatized light to a fluorescence
spectrum with maximum at 855 nm as shown in Figure 2a.27

The fluorescence decay was monitored at 855 nm due to the
emission of the bacteriochlorin moiety.19 The fluorescence
emission from the C60 moiety could not be separated well from
that from the bacteriochlorin moiety. The fluorescence decay
curve at 855 nm was well-fitted by a single-exponential decay
which is the major component as compared to the initial fast
decay component (Figure 2b).28 The fluorescence lifetime of
the unlinked bacteriochlorin (τ(H2BCh/ref (3)) ) 1.2 ns)19 was
significantly reduced when it was replaced by1 (τ(1) ) 300

ps) due to electron transfer from the singlet excited state of
H2BCh (1H2BCh*) to C60. The rate constant of electron transfer
(kET) from 1H2BCh* to C60 is determined from the difference
betweenτ(1)-1 andτ(H2BCh/ref)-1 as 2.5× 109 s-1. Similarly,
theket value of ZnCh-C60 (2) was determined as 1.8× 1010 s-1

from the fluorescence lifetimes of ZnCh-C60 (2, τ ) 56 ps) and
ZnCh/ref (4, τ ) 2.4 ns).

The free energy change of photoinduced electron transfer
(-∆G0

ET) from the1H2BCh* moiety to the C60 moiety in PhCN
is determined to be-0.10 eV from the one-electron oxidation
potential and the excitation energy (S1 ) 1.45 eV) of the H2-
BCh moiety and the one-electron reduction potential of the C60

moiety in 1 (Table 2).29 The -∆G0
ET and rate constants of

electron transfer are summarized in Table 2.
Detection of Intermediates in Photoinduced Electron

Transfer. Upon a 355 nm laser light pulse irradiation, a
deoxygenated PhCN solution containing ZnCh-C60 (2) gives rise
to a transient absorption spectrum with maxima at 790 and 1000
nm as reported for the related system (see Supporting Informa-
tion, S1). The transient absorption spectrum between 400 and
800 nm is shown in Figure 3a. The absorption band at 1000
nm (S1) is a clear attribute of the monofunctionalized fullerene
radical anion.23,30-32 The electrochemical oxidation of2 in PhCN

TABLE 2: Rate Constants of ET and BET (kET and kBET), Triplet Decay Rate Constants (kT), and Driving Force
(-∆G0

ET and -∆G0
BET)

no. excited statea -∆G0
ET (eV) kET (s-1) -∆G0

BET (eV) kBET (s-1) kT (s-1)

1 1H2BCh*-C60 (1) 0.10 2.5× 109 1.35 1.5× 104

2 1ZnCh*-C60 (2) 0.41 1.8× 1010 1.36 2.0× 104

3 1ZnChl*-C60 (5) 0.46 2.4× 1010 1.33 9.1× 103

4 1H2Chl*-C60 (6) 0.17 4.1× 109 1.57 1.5× 104

5 1ZnPor*-C60 (7) 0.33 7.4× 109 1.51 2.0× 104

6 1H2Por*-C60 (8) 0.11 6.6× 108 1.72 4.6× 104

a The data of5-8 are taken from ref 23.

Figure 2. (a) Fluorescence spectrum of H2BCh-C60 (1) in deaerated
PhCN solution accumulated from 0 to 1.0 ns after laser excitation
(λ ) 410 nm) at 298 K. (b) Time profile of fluorescence at 855 nm.

Figure 3. (a) Transient absorption spectrum of ZnCh-C60 (2) (1.0 ×
10-4 M) in deaerated PhCN at 298 K taken at 0.1µs after laser
excitation at 355 nm, (b) the decay profile at 480 nm. Inset: First-
order plot.
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containing 0.2 Mn-Bu4NClO4 at an applied potential positive
of the first reversible oxidation gives the chlorinπ radical cation
(ZnCh•+-C60) whose spectrum has an absorption maximum at
790 nm.23 The absorption band at 790 nm in Figure 3 agrees
with that of the chlorinπ-radical cation. Thus, the transient
absorption spectrum in Figure 3 indicates formation of the
radical ion pair state (ZnCh•+-C60

•-). The radical ion pair is
lower in energy (1.36 eV) than both the triplet excited state of
C60 (1.45 eV)33 and ZnCh (1.45 eV).23

The radical ion pair detected in Figure 3a decays via back
electron transfer (BET) to the ground-state rather than to the
triplet excited state. The BET rate (kBET) was determined from
the disappearance of the absorption band at 480 nm due to
ZnCh•+ in ZnCh•+-C60

•- (Figure 3b). The decay of the absorp-
tion band obeys first-order kinetics (inset of Figure 3b). The
kBET value is determined as 2.0× 104 s-1.

Formation of such a long-lived radical ion pair state of
ZnCh•+-C60

•- enabled detection of the radical ion species
produced by the photoinduced electron transfer in2 with
measurements of the ESR spectrum under photoirradiation of
2 as reported for the related system (see Supporting Information
S2).23 The ESR spectrum consists of two characteristic signals,
one of which is attributable to an organofullerene radical anion
at a smallg value (g ) 2.0007)33 and the other to the chlorin
radical cation at a higherg value (g ) 2.0031).23 Upon “turning
off” the irradiation source, no significant decay of the ESR signal
occurred for hours. This indicates that photoinduced electron
transfer from1ZnCh* to C60 results in formation of the radical
ion pair (ZnCh•+-C60

•-) and that an intermolecular electron
transfer between radical ion pairs located close to each other in
frozen PhCN occurs to give ZnCh•+-C60 and ZnCh-C60

•-, which
are now separated from each other to prevent the BET.

In contrast to the case of ZnCh-C60 (2), no transient formation
of C60

•- was detected at 1000 nm for H2BCh-C60 (1) as shown
in Figure 4a and b. Instead, only the triplet-triplet absorption
due to the bacteriochlorin moiety is observed due to the higher
energy of the radical ion pair as compared to the triplet excited
state, as is expected from the redox potentials (Figure 4b).34

The decay of the triplet-triplet absorption at 440 nm obeys
first-order kinetics (inset of Figure 4c). The triplet decay rate
constant is determined as 1.5× 104 s-1, which agrees with the
triplet decay rate constant of the reference compound (3).19

The fluorescence of1 is efficiently quenched due to photo-
induced electron transfer from1H2BCh* to C60 (vide supra).
The main pathway is formation of the triplet state of the
bacteriochlorin (3H2BCh*), since the triplet energy is lower than
the radical ion pair (H2BCh•+-C60

•-) and BET from C60
•- to

H2BCh•+ is slower than the intersystem crossing as shown in
Scheme 3a. In contrast to the case of H2BCh-C60, the BET from
C60

•- to ZnCh•+ in ZnCh•+-C60
•- generates the ground-state

rather than the triplet excited state, since the triplet excited state
is higher in energy than the radical ion pair (Scheme 3b).35 The
long lifetime of ZnCh•+-C60

•- indicates that the back electron
transfer is deeply in the Marcus inverted region where the
electron-transfer rate decreases with increasing the driving force.
This is the reason the back electron transfer in ZnCh•+-C60

•-

generates the ground state rather than the triplet excited state.
Driving Force Dependence of Electron Transfer. To

quantify the driving force dependence on the ET rate constants
(kET), eq 1 was employed,

whereV is the electronic coupling matrix element,kB is the
Boltzmann constant,h is the Planck constant, andT is the
absolute temperature.15 Figure 5 shows a plot of logkET or kBET

vs -∆G0
ET, -∆G0

BET for the dyads1 and2 together with the
data reported previously for the dyads (5-8). The best fit of eq
1 providesλ ) 0.51 eV andV ) 7.8 cm-1. On the other hand,
for the zinc porphyrin linked fullerene dyad with a longer amide
linkage (ZnP-CONH-C60, 9),14athe driving force dependence
is also plotted in Figure 5.

The photoinduced ET processes in the dyads are located in
the normal region of the Marcus parabola (∆G0

ET > -λ),
whereas the BET process from C60

•- to ZnCh•+ is in the inverted
region (∆G0

BET < -λ). In the inverted region, thekBET value
decreases with decreasingλ value. The solvent reorganization
energy is expected to decrease with decreasing the donor-
acceptor distance. Thus, the smallλ value (0.51 eV) in the
present dyad systems with the short spacers leads to the small
kBET value as compared to the value of any other D-A dyad
system containing a porphyrin, chlorin, or bacteriochlorin as
the donor and C60 as the acceptor.23

Theλ value (0.51 eV) in the present dyad systems is smaller
than the value (0.66 eV) reported for ZnP-CONH-C60 (9) with
an edge-to-edge distance (Ree) of 11.9 Å.14 The Ree value
between ZnCh and C60 in the dyad (2) is evaluated as 5.9 Å

kET ) ( 4π3

h2λ kBT)1/2

V2 exp(-
(∆G0

ET + λ)2

4λ kBT ) (1)

Figure 4. (a) Transient absorption spectrum of H2BCh-C60 (1) (1.0×
10-4 M) in deaerated PhCN at 298 K observed at (a) 700-1200 nm
and (b) 400-800 nm taken at 0.1µs after laser excitation at 355 nm,
(c) the decay profile at 440 nm. Inset: first-order plot.
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from the optimized structure that was calculated by the PM3
method. The smallerReevalue in the present system may result
in the smaller solvent reorganization energy as compared to the
zinc tetraphenylporphyrin-C60 dyad system, since the smaller
the Ree, the smaller will be the solvent reorganization energy,
as expected from the Marcus theory of electron transfer.15 The
solvent reorganization in ET of C60 and porphyrins is known
to play a major role in determining the overallλ value, which
includes a small reorganization energy of the inner coordination
spheres associated with the little structural change in ET of C60

and porphyrins. The smallerRee value also results in the larger
V value (6.8 cm-1) as compared to the value (3.9 cm-1) of the
ZnP-CONH-C60 (9) with a largerRee value.

In summary, we have successfully shown the Marcus
parabolic dependence of the logarithm of ET rate constants on
the driving force. The extremely small reorganization energy
is obtained in the electron transfer of the fullerene-based dyad
with short linkage system. Relatively long-lived charge-

separated states can be achieved in zinc chlorin-C60 dyads with
a short linkage without the loss of excitation energy. This study
has provided an important strategy to obtain the charge-separated
state which has not only a high energy but also a long lifetime.
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