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Self-assembled monolayers (SAMs) of a fullerene–porphyrin linked dyad and a porphyrin reference on a gold

electrode have been prepared to exhibit anodic photocurrent generation instead of cathodic photocurrent

generation for the first time. The spectroscopic and electrochemical studies reveal the densely-packed structure

of the fullerene–porphyrin dyad on the gold electrode. The photoelectrochemical properties of SAMs of the

fullerene–porphyrin dyad in the presence of an electron donor were examined and compared with those of

the porphyrin reference without the fullerene otherwise under the same conditions. The quantum yield of

photocurrent generation for the fullerene–porphyrin dyad cell is much larger than that of the porphyrin

reference. These results clearly demonstrate that C60 is a good electron mediator between the porphyrin moiety

and the gold electrode.

Introduction

Self-assembled monolayers (SAMs) have recently attracted
much interest towards advancement of nanotechnology,1 since
they can provide densely packed, well-ordered architecture on
metal or semiconductor surfaces. In particular, alkanethiols on
gold surfaces have been the most well-studied systems because
of their relatively easy accessibility. Functionalization on the
gold surfaces has been achieved by incorporating electro-
and photo-active chromophores such as fullerenes,2–4 porphyr-
ins,5–8 and others9–12 at the end of alkanethiols or equivalents.
In this context, SAMs of single photoactive chromophores
on flat gold surfaces4,8 have been developed as photovoltaic
devices to exhibit photocurrent generation. However, ineffi-
cient electronic interaction between the chromophore and the
gold electrode has precluded achievement of a high quantum
yield for photocurrent generation on gold surfaces. Such lack
of communication between the chromophore and the gold
electrode can be surmounted when an electron mediator has
been introduced between the photoactive chromophore and
the gold electrode. Electron mediators such as ferrocene,5c

quinone,5d and viologen5a,b,11e have so far been used in such
systems to achieve highly efficient multistep electron transfer
(ET) by mimicking photosynthetic ET on gold electrodes.

Porphyrins and fullerenes have frequently been employed as
an electron donor and an electron acceptor, respectively, in
donor–acceptor linked systems.13,14 We have demonstrated
that fullerenes have small reorganization energies of ET, which
lead to remarkable acceleration of photoinduced CS and
of charge shift (CSH) and retardation of charge recombina-
tion (CR), as compared to conventional acceptors (i.e.,
quinones).15,16 Thus, a number of porphyrin–fullerene linked
systems have been prepared to generate a long-lived charge-
separated state with a high quantum yield via photoinduced ET
in solutions.17 Such porphyrin–fullerene linked molecules have
been successfully incorporated into SAMs on gold electrodes
to reveal cathodic photocurrent generation.18 However, alter-
native anodic photocurrent generation has yet to be reported in
SAMs of porphyrin–fullerene linked systems on gold electrodes
because of the synthetic difficulties.

We report herein the construction of SAMs of fullerene–
porphyrin dyads on Au(111) (denoted as C60–H2P/Au in
Fig. 1) to achieve anodic photocurrent generation. The
porphyrin and the C60 moieties and the C60 and the disulfide
moieties are linked via long alkyl spacers. Thus, the fullerene–
porphyrin linked molecules (C60–H2P in Fig. 1) are expected
to be well-packed on the gold electrodes where the components
of C60–H2P are arranged in the order: the gold electrode, the
C60, and the porphyrin, as in the case of alkanethiols on
gold surfaces. The resulting structure of C60–H2P/Au was
characterized using UV-visible absorption spectroscopy and
cyclic voltammetry. The photoelectrochemical properties were
also examined in the presence of an electron donor [i.e.,
triethanolamine (TEA), ascorbic acid (AsA), and ethylenedi-
aminetetraacetic acid (EDTA)] in the electrolyte solution and
they are compared to those of the reference porphyrin SAM
(denoted as H2P/Au in Fig. 1)8c without C60.

Results and discussion

Preparation of SAMs

The preparation of C60–H2P was carried out as shown in
Scheme 1. Porphyrin 1 was prepared by condensation of
pyrrole with 3,5-di-tert-butylbenzaldehyde19 and 4-hydroxy-
benzaldehyde in propionic acid.20 Hydroxyporphyrin 1 was
linked to 1,11-dibromoundecane, 3,5-dihydroxybenzaldehyde,
and 1,12-dibromododecane, successively, to give bromopor-
phyrin 4 via 2 and 3. Bromide 4 was converted to disulfide 6
via nucleophilic substitution with potassium thioacetate and
subsequent base deprotection of 5. Porphyrin dimer 6 under-
went 1,3-dipolar cycloaddition with C60 using N-methylglycine
to give C60–H2P.21 The porphyrin reference (H2P) was pre-
pared by following the same procedure as described previously
(Fig. 1).17b Their structures were verified by spectroscopic
analyses (see Experimental section).

The C60–H2P was self-assembled on Au(111) as follows.8c

The gold electrodes with an Au(111) surface were dipped into a
CH2Cl2 solution of C60–H2P at 25 uC for 20 h under an argon
atmosphere. After completing the modification, C60–H2P/Au
was rinsed copiously with CH2Cl2 and EtOH and dried with a
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stream of nitrogen. H2P/Au as a reference was also prepared by
following the same procedure as described for C60–H2P/Au.8c

Absorption spectroscopy

Fig. 2a displays the absorption spectra of C60–H2P/Au and the
reference C60–H2P in THF. The Soret band of C60–H2P/Au
becomes broader than that of C60–H2P in THF. The lmax value
of the Soret band of C60–H2P/Au (426 nm) is red-shifted by
6 nm as compared to that of C60–H2P in THF (420 nm). In the
case of H2P/Au, the porphyrin moieties are reported to be
densely packed on Au(111).8c A similar red-shift (8 nm) was
noted for the lmax value of H2P/Au (428 nm)8c relative to that
of reference H2P in THF (420 nm).22 This indicates that the
porphyrin environments of C60–H2P/Au and H2P/Au are
virtually the same and perturbed significantly within the
monolayers, as compared to the references in THF, due to
the porphyrin aggregation.8c

Cyclic voltammetry

The cyclic voltammetric measurements of C60–H2P/Au
(Fig. 3a) and C60–H2P (Fig. 3b) in CH2Cl2 containing 0.2 M
n-Bu4NPF6 were performed with a sweep rate of 0.10 V s21

(electrode area, 0.48 cm22) to estimate the surface coverage. In
the case of C60–H2P in CH2Cl2, three successive waves due to
the reduction of the C60 moiety [20.78, 21.20, and 21.56 V vs.
Ag/AgCl (sat. KCl)] and a wave due to the first oxidation of the
porphyrin [E0

ox ~ 0.97 V vs. Ag/AgCl (sat. KCl)] were
observed, whereas the second wave due to the second oxidation

of the porphyrin was irreversible, as shown in Fig. 3b. The
cyclic voltammogram of C60–H2P/Au (Fig. 3a) is characterized
by a couple of reversible waves due to the first oxidation of
the porphyrin and an irreversible wave due to the second
oxidation of the porphyrin. The first anodic current increased
linearly when increasing the scan rate, implying that the
porphyrin is a surface-confined electroactive molecule. The
E0

ox value [1.05 V vs. Ag/AgCl (sat. KCl)] was determined as
the average of the anodic and cathodic peak potentials. The
first E0

ox of C60–H2P/Au is shifted to the positive direction
(80 mV) as compared to that of C60–H2P in CH2Cl2. The
positive shift of E0

ox in the SAM may result from the decreased
dielectric constant in the nonpolar monolayer as compared to
that of the bulk solution.8c On the other hand, the electro-
chemical response due to the C60 moiety was not reversible
for C60–H2P/Au. Similar behavior was reported for ferrocene–
porphyrin–C60 SAMs on gold electrodes.18c Such irreversible
behavior due to the reduction of the C60 moiety can be
rationalized by the electrochemical inaccessibility of the C60

moiety which is deeply buried into the SAM.
The adsorbed amounts (C) of the compound on C60–H2P/Au

were calculated to be 1.9 (¡0.2) 6 10210 mol cm22 (87 (¡8)
Å2 molecule21) by dividing the first anodic peak currents of the
porphyrin (9.7 ¡ 0.9 mC cm22) by the Faraday constant and
the roughness factor ~ 1.1.8c The value is comparable to the
adsorbed amounts of ferrocene–porphyrin–C60 triad SAM
(1.9 6 10210 mol cm22),18c where the triad molecules are well-
packed with an almost perpendicular orientation on the gold
surface.23 Thus, we can conclude that C60–H2P molecules are
densely packed on the gold surface in the order: the gold
surface, the C60, and the porphyrin.

Photoelectrochemical studies

At first, photoelectrochemical measurements were carried out
in an argon-saturated 0.1 M Na2SO4 aqueous solution con-
taining 50 mM triethanolamine (TEA) acting as an electron
sacrificer using C60–H2P/Au as the working electrode, a plati-
num counter electrode, and an Ag/AgCl (sat. KCl) reference
electrode (hereafter denoted as the Au/C60–H2P/TEA/Pt cell,
where/denotes an interface). A stable anodic photocurrent
from the electrolyte to the Au electrode appeared immediately
upon irradiation of the Au electrode with l ~ 428.8 ¡ 3.9 nm
light with a power density of 1.0 mW cm22 at an applied
potential of 10.60 V vs. Ag/AgCl (sat. KCl) as shown in Fig. 4.
The photocurrent fell down instantly when the illumination
was cut off. There is a good linear relationship between
the photocurrent intensity and the light intensity at each
wavelength (from 0.1 to 6.0 mW cm22). In the absence of
TEA, the anodic photocurrent was negligible under otherwise
the same experimental conditions. Further addition of TEA
(w50 mM) into the electrolyte solution did not increase the
photocurrent. The anodic photocurrent increases monotoni-
cally with increasing positive bias to the Au electrode (from
20.40 to 10.70 V vs. Ag/AgCl (sat. KCl)), whereas the dark
current remains constant, as shown in Fig. 5a. The agreement
of the action spectrum (Fig. 2b) with the absorption spectrum
of C60–H2P/Au (Fig. 2a) in 380–550 nm demonstrates clearly
that the porphyrin is the photoactive species responsible for
the photocurrent generation. These results demonstrate that
photocurrent flows from the electrolyte to the gold electrode via
the excited states of the porphyrin in the SAM.

Similar photoelectrochemical behavior was observed for the
corresponding porphyrin SAMs without the C60 on the gold
electrode, denoted as the Au/H2P/TEA/Pt cell (Fig. 5a). The
quantum yields of photocurrent generation were compared
between the Au/C60–H2P/TEA/Pt and Au/H2P/TEA/Pt cells
under otherwise the same experimental conditions [applied
potential of 10.70 V vs. Ag/AgCl (sat. KCl)]. The quantum
yields (w) based on the number of photons absorbed by

Fig. 1 Self-assembled monolayers of the fullerene–porphyrin dyad and
porphyrin on gold electrodes and their reference compounds.
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C60–H2P on C60–H2P/Au and H2P on H2P/Au were calculated
using the input power (l ~ 428.8 ¡ 3.9 nm light of
1.0 mW cm22), the photocurrent density (i), and the absor-
bance (A) on the electrodes (Au/C60–H2P/TEA/Pt cell: i ~
662 nA cm22, A~ 0.030; Au/H2P/TEA/Pt cell: i~ 32 nA cm22,

Scheme 1

Fig. 2 (a) UV-visible absorption spectra of C60–H2P/Au (solid line)
and C60–H2P in THF (dotted line). The spectra are normalized at the
Soret band for comparison. (b) Action spectrum of Au/C60–H2P/TEA/
Pt cell; input power: 1.0 mW cm22; applied potential: 10.60 V vs. Ag/
AgCl (sat. KCl); an argon-saturated 0.1 M Na2SO4 aqueous solution
containing 50 mM TEA.

Fig. 3 Cyclic voltammograms of (a) C60–H2P/Au and (b) C60–H2P in
CH2Cl2 containing 0.2 M n-Bu4NPF6 with a sweep rate of 0.10 V s21;
electrode area: 0.48 cm2; counter electrode: Pt wire; reference electrode:
Ag/AgCl (sat. KCl).
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A~ 0.034). The results are summarized in Table 1. The w value
(2.1%) of Au/C60–H2P/TEA/Pt cell is ca. 30 times larger than
the w value (0.09%) of Au/H2P/TEA/Pt cell. This indicates that
the C60 moiety mediates ET efficiently from the porphyrin to
the gold electrode (vide infra).24

The effects of other electron donors (i.e., AsA and EDTA)
on the photocurrent generation were also examined using the
photoelectrochemical cells denoted as Au/C60–H2P/AsA/Pt
and Au/C60–H2P/EDTA/Pt, respectively. In the case of the
Au/C60–H2P/AsA/Pt cell, the anodic photocurrent increases
monotonically with increasing positive bias to the Au electrode
[from 20.40 to 10.60 V vs. Ag/AgCl (sat. KCl)], whereas the
dark current remains constant from 20.4 to 10.4 V vs. Ag/
AgCl (sat. KCl) and then increased drastically [w10.4 V vs.
Ag/AgCl (sat. KCl)]. A similar photoelectrochemical behavior
was observed for the Au/C60–H2P/EDTA/Pt cell. The quantum
yields of photocurrent generation were compared for the
three cells (Au/C60–H2P/TEA or AsA or EDTA/Pt cells), under
otherwise the same experimental conditions (applied potential
of 10.60 V vs. Ag/AgCl (sat. KCl)). The quantum yields of the
Au/C60–H2P/TEA/Pt, Au/C60–H2P/AsA/Pt, and Au/C60–H2P/
EDTA/Pt cells were determined to be 1.1, 0.26, and 0.003%,
respectively (Table 1).

Mechanism of photocurrent generation

Taking into account the above results together with the
well-established photodynamics of porphyrin–fullerene linked
systems on electrodes,18 the mechanism of enhanced photo-
current generation in the Au/C60–H2P/TEA/Pt cell relative to
the Au/H2P/TEA/Pt cell is summarized as shown in Scheme 2.
The intermolecular ET rate from TEA [TEA/TEA.1 ~ 0.61 V
vs. Ag/AgCl (sat. KCl)]11d to the porphyrin excited singlet state
[1H2P*/H2P.2 ~ 0.62 V vs. Ag/AgCl (sat. KCl)] is estimated
as y5 6 108 s21 at the concentration of TEA (50 mM),
assuming the photoinduced ET rate constant is diffusion-
limited (y1010 M21 s21). In contrast, the intramolecular ET
rate constant from the porphyrin excited singlet state to the C60

moiety is estimated as 1.2 6 105 s21, using the Marcus theory
of electron transfer.25,26 The latter ET rate is much slower than
the former value. This clearly demonstrates that the initial step
is due to intermolecular quenching of the porphyrin excited
singlet state by TEA. The porphyrin excited triplet state
[3H2P*/H2P.2 ~ 0.22 V vs. Ag/AgCl (sat. KCl)] is not
involved in the photocurrent generation because of the
endergonic ET from TEA. This process is followed by intra-
molecular ET from the resulting H2P.2 [H2P.2/H2P ~

21.28 V vs. Ag/AgCl (sat. KCl)]27 to C60 [C60/C60
.2 ~

20.62 V vs. Ag/AgCl (sat. KCl)],18c and then C60
.2 to the gold

electrode, to generate the anodic photocurrent. Since the
intermolecular ET process from EDTA [EDTA/EDTA.1 ~

1.26 V vs. Ag/AgCl (sat. KCl)] to the porphyrin excited singlet
state is endergonic, the quantum yield of the photocurrent
generation for the Au/C60–H2P/EDTA/Pt cell (0.003 %) is
negligible as compared to that of the Au/C60–H2P/TEA/Pt cell
(1.1%).

Although the ET process from AsA [20.19 V vs. Ag/AgCl
(sat. KCl)]4 to the porphyrin excited singlet state is more

Table 1 Quantum yields of photocurrent generationa

SAM Electron donorb

Quantum yields (%)c

0.6 Vd 0.7 Vd

C60–H2P/Au TEA 1.1 2.1
AsA 0.26 e

EDTA 0.003 0.004
H2P/Au TEA 0.08 0.09
al ~ 428.8 ¡ 3.9 nm (1.0 mW cm22), an argon-saturated 0.1 M
Na2SO4 aqueous solution. b50 mM. cObtained in the standard three
electrode systems. The quantum yields of the photocurrent genera-
tion were obtained by the following equation: w ~ (i/e)/[I(1 2
102A)] where, I ~ (Wl)/(hc), i is the photocurrent density, e is the
elementary charge, I is number of photons per unit area and unit
time, l is the wavelength of light irradiation, A is absorbance of the
adsorbed dyes at l nm, W is light power irradiated at l nm, c is the
light velocity, and h is the Planck constant. dApplied potential vs.
Ag/AgCl (sat. KCl). eNot measured.

Scheme 2

Fig. 4 Photoelectrochemical response of Au/C60–H2P/TEA/Pt cell.
Applied potential: 10.60 V vs. Ag/AgCl (sat. KCl). l ~ 428.8 ¡
3.9 nm (1.0 mW cm22); an argon-saturated 0.1 M Na2SO4 aqueous
solution containing 50 mM TEA.

Fig. 5 Photocurrent vs. applied potential curves for (a) Au/C60–H2P/
TEA/Pt cell (solid line with closed circles) and Au/H2P/TEA/Pt cell (solid
line with open circles) and (b) Au/C60–H2P/AsA/Pt cell (solid line with
closed circles). The dark currents are shown for comparison [Au/C60–
H2P/TEA/Pt cell (dotted line with closed circles); Au/H2P/TEA/Pt cell
(dotted line with open circles); Au/C60–H2P/AsA/Pt cell (dotted line with
closed circles)]. l~ 428.8 ¡ 3.9 nm (1.0 mW cm22); an argon-saturated
0.1 M Na2SO4 aqueous solution containing 50 mM TEA or AsA.

J. Mater. Chem., 2002, 12, 2034–2040 2037



exergonic than that from TEA, the quantum yield of photo-
current generation for the Au/C60–H2P/AsA/Pt cell (0.26%) is
even lower than that of the Au/C60–H2P/TEA/Pt cell (1.1%). In
the case of the Au/C60–H2P/TEA/Pt cell, the resulting TEA.1 is
rearranged to its reduced form by H atom abstraction from
another TEA.28 Such an irreversible transformation of TEA.1

prevents the back electron transfer from H2P.2 to TEA.1,
resulting in efficient photocurrent generation as compared
to the case of AsA which does not undergo irreversible decom-
position after intermolecular ET to the porphyrin excited
singlet state.

We have already reported a series of C60 SAM cells on gold
electrodes, where the C60 and the gold surface are linked with a
similar methylene spacer.4 When the modified gold electrodes
were irradiated at l ~ 403.0 ¡ 6.9 nm, the quantum yields of
the photocurrent generation in the presence of 50 mM AsA at a
bias of 0.10 V (vs. Ag/AgCl (sat. KCl)) were determined as 7.5
to 9.8%, which is about 4 times higher than the present system.
The anodic photocurrent generation can be explained as
follows: the generation of vectorial electron flow from the
electron sacrificer to the gold electrode via the excited triplet
state of the C60. The high quantum yields of the C60 SAM cells
relative to the present system can be ascribed to the efficient
electron injection from the resulting C60 radical anion to the
gold electrode. In contrast, the competition between a slow
charge-shift reaction from the resulting porphyrin radical
anion to the C60 and the energy-wasting back ET is responsible
for the relatively poor photocurrent generation in the present
system. We have also prepared the ferrocene–porphyrin–C60

SAMs on a gold electrode and the photoelectrochemical
properties were examined in the presence of methyl viologen
(MV21) and oxygen as electron acceptors.18c When the
modified gold electrodes were irradiated at 438.5 ¡ 4.9 nm,
the quantum yields were 20 to 25% at a bias of 20.20 V (vs. Ag/
AgCl (sat. KCl)). Multistep ET from the porphyrin singlet
excited state to the C60 followed by charge-shift from the
ferrocene to the resulting porphyrin radical cation results in the
efficient formation of the charge-separated state (ferrocene.1–
porphyrin-C60

.2) with a long lifetime on the gold electrode.
This leads to the cathodic photocurrent generation, which is in
sharp contrast with the present system.

Conclusion

Self-assembled monolayers of fullerene–porphyrin linked dyads
on a gold electrode have been prepared to exhibit anodic
photocurrent generation for the first time. The spectroscopic
and electrochemical studies reveal the well-packed structure of
the fullerene–porphyrin dyad molecules on the gold electrode.
The efficiency of photocurrent generation is much improved as
compared to the porphyrin reference system without the C60

moiety. These results clearly show that C60 is a good electron
mediator between the porphyrin moiety and the gold electrode.

Experimental

General

1H-NMR spectra were measured on a JEOL EX-270 spectro-
meter. Time of flight (TOF) mass spectra (MS) were measured
on an Applied Biosystems Voyger RP, with dithranol as a
matrix. UV-visible spectra were obtained on a Shimadzu
UV-3100 spectrometer.

Materials

Gold electrodes for photoelectrochemical measurements
(roughness factor (R) ~ 1.1) were prepared by a vacuum
deposition technique with titanium (5–10 nm) and gold (20–
100 nm) in sequence onto a Si(100) wafer whereas gold (20 nm)

was evaporated onto mica (R ~ 1.1) for electrochemical
measurements and onto transparent glass slides (R ~ 1.5) for
UV-visible absorption measurements.8c Roughness factors
were estimated by iodine chemisorption on a Au(111) surface.8c

All solvents and chemicals were of reagent grade quality,
purchased commercially and used without further purification
unless otherwise noted. Tetrabutylammonium hexafluorophos-
phate used as a supporting electrolyte for the electrochemical
measurements was obtained from Tokyo Kasei Organic
Chemicals and recrystallized from methanol. Dry toluene
and dry methylene chloride were heated at reflux and distilled
from CaH2 prior to use. Thin-layer chromatography and flash
column chromatography were performed with Alt. 5554 DC-
Alufolien Kieselgel 60 F254 (Merck) and Fujisilica BW300,
respectively.

Porphyrin 1

3,5-Di-tert-butylbenzaldehyde19 (21.36 g. 97.8 mmol) and
4-hydroxybenzaldehyde (5.98 g, 49.0 mmol) were dissolved in
propionic acid (1 L) and warmed up to reflux.20 Then pyrrole
(10.2 mL, 147 mmol) was added and the reflux was continued
for 1 h. After cooling the mixture the solvent was removed
under reduced pressure. The residue was purified by flash
column chromatography 3 times (benzene), and the second red
band (Rf value ~ 0.35 (benzene)) gave the desired porphyrin 1
as a red solid (2.35 g, 2.43 mmol, 6.6%). 1H NMR (270 MHz,
CDCl3) d~ 8.89 (s, 4H), 8.87 (s, 4H), 8.08 (m, 8H), 7.79 (t, J~
2 Hz, 3H), 7.19 (d, J ~ 8 Hz, 2H), 1.52 (s, 54H), 22.71 (br s,
2H).

Porphyrin 2

Porphyrin 1 (483 mg, 0.5 mmol), 1,11-dibromoundecane
(1.57 g, 5.00 mmol), and potassium carbonate anhydrous
(690 mg, 5.00 mmol) were dissolved in DMF (40 mL) and the
mixture was warmed up to reflux for 2 h. After cooling the
solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (hexane : benzene ~
1 : 1; Rf value ~ 0.9 (hexane : benzene ~ 1 : 1)) and the
reprecipitation from benzene–methanol gave the desired por-
phyrin 2 (347 mg, 0.289 mmol, 58%). 1H NMR (270 MHz,
CDCl3) d ~ 8.89 (s, 4H), 8.87 (s, 4H), 8.12 (d, J ~ 8 Hz, 2H),
8.08 (d, J ~ 2 Hz, 4H), 8.07 (d, J ~ 2 Hz, 2H), 7.78 (m, 3H),
7.26 (d, J~ 8 Hz, 2H), 4.25 (t, J~ 7 Hz, 2H), 3.43 (t, J~ 7 Hz,
2H), 1.99 (quintet, J~ 7 Hz, 2H), 1.87 (quintet, J~ 7 Hz, 2H),
1.7–1.2 (m, 68H), 22.70 (br s, 2H).

Porphyrin 3

Porphyrin 2 (240 mg, 0.200 mmol), 3,5-dihydroxybenzaldehyde
(552 mg, 4.00 mmol), and potassium carbonate anhydrous
(552 mg, 4.00 mmol) were dissolved in DMF (40 mL) and the
mixture was warmed up to reflux for 4 h. After cooling the
solvent was removed under reduced pressure. The purification
by flash column chromatography (ethyl acetate : benzene ~
1 : 19; Rf value ~ 0.1 (benzene)) and the reprecipitation from
benzene–methanol gave the desired porphyrin 3 (106 mg,
84.3 mmol, 42%). 1H NMR (270 MHz, CDCl3) d ~ 9.78 (s,
1H), 8.89 (s, 4H), 8.87 (s, 4H), 8.12 (d, J ~ 8 Hz, 2H), 8.08 (m,
6H), 7.78 (t, J ~ 2 Hz, 3H), 7.27 (d, J ~ 8 Hz, 2H), 6.94 (dd,
J~ 2 and 2 Hz, 1H), 6.71 (dd, J~ 2 and 2 Hz, 1H), 6.47 (t, 1H,
J ~ 2 Hz), 4.26 (t, J ~ 7 Hz, 2H), 3.95 (t, J ~ 7 Hz, 2H), 1.99
(quintet, J ~ 7 Hz, 2H), 1.78 (quintet, J ~ 7 Hz, 2H), 1.7–1.2
(m, 68H).

Porphyrin 4

Porphyrin 3 (86.2 mg, 68.5 mmol), 1,12-dibromododecane
(450 mg, 1.37 mmol), and potassium carbonate anhydrous
(189 mg, 1.37 mmol) were dissolved in DMF (30 mL) and the
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mixture was warmed up to reflux for 1 h. After cooling the
solvent was removed under reduced pressure. The purification
by flash column chromatography (benzene; Rf value ~ 0.9
(benzene)) and the reprecipitation from benzene–methanol
gave the desired porphyrin 4 (59.2 mg, 39.3 mmol, 57 %). 1H
NMR (270 MHz, CDCl3) d ~ 9.88 (s, 1H), 8.89 (s, 4H), 8.87
(s, 4H), 8.12 (d, J ~ 8 Hz, 2H), 8.08 (s, 6H), 7.78 (s, 3H), 7.27
(d, J ~ 8 Hz, 2H), 6.98 (s, 2H), 6.70 (s, 1H), 4.25 (t, J ~ 7 Hz,
2H), 4.00 (t, J~ 7 Hz, 2H), 3.97 (t, J~ 7 Hz, 2H), 3.39 (t, J~
7 Hz, 2H), 1.99 (quintet, J ~ 7 Hz, 2H), 1.80 (m, 6H), 1.7–1.2
(m, 84H), 22.70 (br s, 2H).

Porphyrin 5

Porphyrin 4 (60.0 mg, 39.9 mmol) and potassium thioacetate
(19.4 mg, 0.170 mmol) were dissolved in a mixture of THF and
ethanol (15 mL : 15 mL) and warmed up to reflux for 2 h. After
cooling the solvent was removed under reduced pressure. The
purification by flash column chromatography (hexane : ben-
zene (1 : 1), hexane : benzene (1 : 2), then benzene; Rf value ~
0.7 (benzene)) and the reprecipitation from benzene–methanol
gave the desired porphyrin 5 (33.7 mg, 22.5 mmol, 56%). 1H
NMR (270 MHz, CDCl3) d ~ 9.87 (s, 1H), 8.89 (s, 4H), 8.88
(s, 4H), 8.12 (d, J ~ 8 Hz, 2H), 8.08 (s, 6H), 7.78 (s, 3H), 7.27
(d, J ~ 8 Hz, 2H), 6.98 (s, 2H), 6.70 (s, 1H), 4.24 (t, J ~ 7 Hz,
2H), 4.00 (t, J~ 7 Hz, 2H), 3.97 (t, J~ 7 Hz, 2H), 2.84 (t, J~
7 Hz, 2H), 2.30 (s, 3H), 1.99 (quintet, J ~ 7 Hz, 2H), 1.79
(m, 4H), 1.7–1.2 (m, 86H), 22.69 (br s, 2H).

Porphyrin 6

Porphyrin 5 (33.7 mg, 22.5 mmol) and KOH (40 mg, 1 mmol)
were suspended in a mixture of THF and ethanol (20 mL :
20 mL) and nitrogen gas was bubbled through it for 30 min.
Then the suspension was warmed up to reflux for 5 min. After
cooling the solvent was removed under reduced pressure. The
purification by flash column chromatography (benzene; Rf

value ~ 0.6 (benzene)) and the reprecipitation from benzene–
methanol gave the desired porphyrin 6 (26.5 mg, 9.09 mmol,
81%). 1H NMR (270 MHz, CDCl3) d ~ 9.86 (s, 2H), 8.89
(s, 8H), 8.88 (s, 8H), 8.12 (d, J~ 8 Hz, 4H), 8.08 (s, 12H), 7.78
(s, 6H), 7.27 (d, J ~ 8 Hz, 4H), 6.97 (s, 4H), 6.69 (s, 2H), 4.24
(t, J ~ 7 Hz, 4H), 3.99 (t, J ~ 7 Hz, 4H), 3.96 (t, J ~ 7 Hz,
4H), 2.65 (t, J ~ 7 Hz, 4H), 1.98 (quintet, J ~ 7 Hz, 4H), 1.78
(m, 8H), 1.7–1.2 (m, 172H), 22.69 (br s, 4H).

C60–H2P

Porphyrin 6 (26.5 mg, 9.09 mmol), C60 (42 mg, 3 eq.), and
N-methylglycine (52 mg, 30 eq.) were dissolved in toluene
(30 mL) and nitrogen gas was bubbled through it for 30 min.21

Then the mixture was warmed up to reflux for 13 h. After
cooling the solvent was removed under reduced pressure. The
purification by flash column chromatography (hexane : ben-
zene (1 : 1), then benzene; Rf value ~ 0.35 (hexane : benzene
(1 : 1)) and the reprecipitation from benzene–methanol gave
the desired porphyrin–fullerene dimer C60–H2P (23.4 mg,
5.31 mmol, 58%). 1H NMR (270 MHz, CDCl3) d ~ 8.88 (s,
16H), 8.07 (s, 16H), 7.78 (s, 6H), 7.27 (d, J ~ 8 Hz, 4H), 6.86
(br s, 4H), 6.35 (s, 2H), 4.57 (d, J ~ 7 Hz, 2H), 4.47 (s, 2H),
4.27 (br s, 4H), 3.88 (br s, 10H), 2.70 (s, 6H), 2.64 (t, J~ 7 Hz,
4H), 1.97 (br s, 4H), 1.7–1.2 (m, 180H), 22.71 (br s, 4H); MS
(FAB) 4410 (M 1 H1).
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