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Shunichi Fukuzumi,* ,‡ and AÄ ngela Sastre-Santos* ,†

DiVisión de Quı´mica Orgánica, Instituto de Bioingenierı´a, UniVersidad Miguel
Hernández, Elche 03202, Alicante, Spain, and Department of Material and Life
Science, Graduate School of Engineering, Osaka UniVersity, SORST, Japan Science
and Technology Agency (JST), Suita, Osaka 565-0871, Japan

asastre@umh.es; fukuzumi@chem.eng.osaka-u.ac.jp

Received June 19, 2007

ABSTRACT

A C60−SiPc−C60 triad showing no aggregation is synthesized and characterized. Photoexcitation of the triad results in formation of the charge-
separated state by photoinduced electron transfer from the singlet excited state of the SiPc moiety to the C 60 moiety. The charge-separated
state has a lifetime of 5 ns in benzonitrile at 298 K.

Phthalocyanines (Pcs)1 as electron donors as well as sensitiz-
ers are outstanding compounds for efficient photoinduced
energy- and charge-transfer processes. Among all the Pcs,
the silicon ones have gained great attention due to their high
solubility in organic solvents without presenting aggregation
phenomena, characteristics quite common in most of the
peripherally substituted phthalocyanines. Thus, the possibility
to link covalently different kinds of ligands in the Pc axial
position avoids photoinactive aggregates in solution and
allows tuning of the optical and electrochemical properties
of the phthalocyanine.2

A large variety of phthalocyanine dyads with different
photoactive electron acceptor moieties have been prepared.3

One of the most attractive electron acceptor moieties to attach
to the phthalocyanine is the [C60]fullerene, mainly due to its
high quantum efficiency and its low recombination speed.4

Thus, a big assortment of molecular and supramolecular Pc-
C60 dyads have been synthesized,5 and their photoinduced
electron-transfer processes have been studied.5d,g-l,6
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On the other hand, to the best of our knowledge, only a
couple of C60-Pc-C60 triads have been synthesized7 so far,
presumably due to the synthetic difficulties to prepare this

kind of system. A silicon phthalocyanine with two axial
fullerene substituents has been already reported.7a,bRecently,
a novel bis([60]fullerene)-phthalocyanine triad has been
synthesized exhibiting photoinduced charge separation both
in solution and in the solid state.7c For effective use of such
Pc-C60 derivatives in photovoltaic devices, the synthesis of
new Pc-C60 derivatives that present longer lifetimes of
charge-separated (CS) states should be pursued.

Here, we will present the synthesis of new C60-SiPc-
C60 hybrids (1), showing no aggregation phenomena in
solution, which are characterized by the close distance
between the C60 and the Pc subunits. Such geometry is
suitable for efficientintramolecularphotoinduced electron
transfer, which is also reported in this study.

Triad 1 was afforded by a double Prato reaction from the
bis(4-formylbenzoate)silicon phthalocyanine2 in 30% yield
after purification by column chromatography. Phthalocyanine
2 was synthesized by reaction ofp-formylbenzoic acid with
(tert-butyl)4PcSiCl2 in 19% yield. The C60 and the SiPc
reference compounds3 and4, respectively, were synthesized
as indicated in Scheme 1 (see Supporting Information).
Compounds1-4 were fully characterized by1H NMR, FT-
IR, UV-vis, and MALDI-TOF-MS.8 Figure 1 shows the1H
NMR spectrum in CDCl3 of the nonaggregated phthalocya-
nine1, where integration of the signals clearly indicates the
presence of two fullerene units linked to the SiPc. Due to
the effect of the strong ring current of the Pc, the signals of
the pyrrolidine and benzoate protons of the triad1 are upfield
shifted when compared with those of the C60 derivative3:
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Tomé, A. C.; Silva, A. M. S.; Cavaleiro, J. A. S.; Torres, T.; Guldi, D. M.
Org. Lett.2007, 9, 1557-1560.

(4) (a) Martı́n, N.; Sánchez, L.; Illescas, B.; Pe´rez, I.Chem. ReV. 1998,
98, 2527-2548. (b) Guldi, D. M.; Martı´n, N. Fullerenes: From Synthesis
to Optoelectronic Properties; Kluwer Academic Publishers: Dordrecht, The
Netherlands, 2002.

(5) (a) Linssen, T. G.; Durr, K.; Hanack, M.; Hirsch, A.Chem. Commun.
1995, 103-104. (b) Durr, K.; Fiedler, S.; Linssen, T.; Hirsch, A.; Hanack,
M. Chem. Ber.1997, 130, 1375-1378. (c) Qiu, W. F.; Liu, Y. Q.; Pan, C.
Y.; Zhu, D. B. Chin. Chem. Lett.1997, 8, 811-814. (d) Sastre, A.;
Gouloumis, A.; Vaquez, P.; Torres, T.; Doan, V.; Schwartz, B. J.; Wudl,
F.; Echegoyen, L.; Rivera, J.Org. Lett.1999, 1, 1807-1810. (e) Gouloumis,
A.; Liu, S.-G.; Sastre, A.; Va´zquez, P.; Echegoyen, L.; Torres, T.Chem.s
Eur. J. 2000, 6, 3600-3607. (f) Martı́nez-Dı́az, M. V.; Fender, N. S.;
Rodrı́guez-Morgade, M. S.; Go´mez-López, M.; Diederich, F.; Echegoyen,
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Scheme 1. Synthesis of C60-SiPc-C60 Triad 1, C60 Reference3, and SiPc Reference4
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the signals corresponding to the benzoate protons move from
8.08 and 7.87 to 6.67 and 5.20 ppm; the pyrrolidine protons
move from 4.98, 4.97, and 4.28 to 4.62, 4.26, and 3.86; and
finally, the N-CH3 protons move from 2.81 to 2.19 ppm.

The absorption spectrum of the C60-SiPc-C60 triad 1 in
benzonitrile (PhCN) is a reasonable superposition of the
spectra of the component chromophores making up the
molecule (Figure 2a). Thus, there is no significant electronic

interaction between the individual chromophores in their
ground-state configuration. The cyclic voltammogram of
C60-SiPc-C60 triad 1 in deaerated PhCN containing 0.10
M Bu4NPF6 at 298 K in Figure 3a consists of two two-

electron reduction processes of C60 (red closed circles in
Figure 3a;-0.60 and-0.98 V vs SCE), two one-electron
reduction processes of SiPc (blue closed circles in Figure
3a;-0.60 and-1.08 V), and one-electron oxidation process
of SiPc (red closed circle in Figure 3a; 1.02 V). These redox
processes agrees well with those of the corresponding redox
processes of the reference compounds (C60-ref 3 in Figure
3b and SiPc-ref 4 in Figure 3c). This also indicates that
there is no significant interaction between the SiPc and C60

units in C60-SiPc-C60 triad 1.
The photoexcitation of a deaerated PhCN solution contain-

ing 1 with 360 nm monochromatized light results in
fluorescence with the emission maximum at 708 nm. The
emission intensity is much smaller than that of the reference
compound SiPc (Figure 2b). This indicates that the singlet
excited state of SiPc is quenched efficiently by C60. The
quenching rate constant is determined to be 3.3× 109 s-1

from the fluorescence quenching and the fluorescence
lifetime of SiPc-ref 4 (9.0 ns). The fluorescence may occur
by electron transfer from the singlet excited state1SiPc* to
C60 in the triad. The free-energy change of photoinduced
electron transfer (∆G0

ET) from the1SiPc* unit to the C60 unit
in PhCN is determined to be-0.15 eV from the one-electron
oxidation potential (1.02 V vs SCE), the excitation energy
(S1 ) 1.77 eV) of the SiPc unit, and the one-electron
reduction potential of the C60 unit (-0.60 V vs SCE) in C60-
SiPc-C60 triad 1.

The occurrence of photoinduced electron transfer was
confirmed by femtosecond laser flash photolysis measure-
ments.9 A deaerated PhCN solution containing C60-SiPc-
C60 triad1 gave rise upon a 400 nm femtosecond laser pulse
to transient absorption bands at 880 and 1000 nm due to the
SiPc•+ and C60

•- moiety, respectively. The absorption bands

Figure 1. (a) 1H NMR of the C60 derivative3. (b) 1H NMR of
C60-PcSi-C60 triad 1.

Figure 2. (a) Absorption spectrum of C60-SiPc-C60 triad1 (black
line) with that of the reference compound (blue line) in deaerated
PhCN at 298 K. (b) Fluorescence spectrum of C60-SiPc-C60 triad
1 with the reference compound SiPc4 in deaerated PhCN at 298
K.

Figure 3. (a) Cyclic voltammogram (CV) and differential pulse
voltammogram (DPV) of C60-SiPc-C60 triad 1 in PhCN. Cyclic
voltammograms of (b) C60-ref 3 and (c) SiPc-ref 4 in PhCN.
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due to SiPc•+ (880 nm) and C60
•- (1000 nm) are quite distinct

and well-separated. This clearly indicates the formation of
the CS state.10 From the rise in absorbance at 880 nm due
to SiPc•+ in Figure 4b, the rate constant of formation of

SiPc•+ in the triad is determined to be 3.2× 109 s-1, which
agrees well with the fluorescence quenching rate constant
(3.3 × 109 s-1). This indicates clearly thatintramolecular
electron transfer from1SiPc* to C60 occurs in the triad to
produce the charge-separated state, C60

•--SiPc•+-C60 (or
C60-SiPc•+-C60

•-). At 1000 nm, the decay of1SiPc* is
overlapped with the rise of C60

•-. The lifetime of the CS
state in PhCN is determined to be 5.0 ns from the decay of
absorbance at 880 and 1000 nm. This is the longest CS
lifetime ever reported for electron donor-acceptor molecules
of phthalocyanine in a polar solvent.11

Although the CS state was observed by femtosecond laser
flash photolysis measurements (Figure 4), the CS state was
not detected, but instead the triplet-triplet absorption band
due to3SiPc* (λmax ) 530 nm) was observed at microsecond
time scale in the transient absorption spectrum obtained upon
nanosecond laser pulse excitation (355 nm) of a deaerated
PhCN solution of C60-SiPc-C60 triad 1. This indicates that
the back electron transfer in the CS state affords the triplet
excited state rather than the ground state because the triplet
energy is lower than the CS state.12 The energy diagram is
summarized in Scheme 2, where one C60 unit is omitted for

clarity. Although the energy of the triplet excited state of
C60 (SiPc-3C60*, 1.56 eV)13 is also lower than the energy
of the CS state, the back electron transfer to the lower energy
triplet of SiPc (3SiPc*-C60, 1.26 eV)12 may be much faster
than to SiPc-3C60*.

In conclusion, the newly synthesized C60-SiPc-C60 triad,
which shows no aggregation in solution with a long
wavelength absorption (λmax ) 700 nm), undergoes efficient
intramolecularphotoinduced electron transfer to afford the
CS state in PhCN.
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(9) Femtosecond transient absorption spectroscopy experiments were

conducted using an ultrafast source: Integra-C (Quantronix Corp.), an optical
parametric amplifier: TOPAS (Light Conversion Ltd.), and a commercially
available optical detection system: Helios provided by Ultrafast Systems
LLC.

(10) This shows sharp contrast to the observation of the broad absorption
bands with no distinct absorption maxima in other SiPc-nC60 (n ) 2, 4, 8)
compounds that decay much more slowly than the present case.7a

(11) In a nonpolar solvent (toluene), a bis([60]fullerene)-phthalocyanine
triad (ref 7b) has been reported to afford a CS lifetime of 21 ns.

(12) The triplet energy (1.26 eV) of SiPc was determined from the
phosphorescence spectrum of SiPc-ref in 2-MeTHF/ethyliodide (1:1 v/v).

(13) (a) Zeng, Y.; Biczok, L.; Linschitz, H.J. Phys. Chem.1992, 96,
5237-5239. (b) Hung, R. R.; Grabowski, J. J.J. Phys. Chem.1991, 95,
6075-6076.

Figure 4. (a) Transient absorption spectra of C60-SiPc-C60 triad
1 (1.0× 10-5 M) in deaerated PhCN at 298 K after laser excitation
at 400 nm. (b) Time profiles of absorbance at 880 and 1000 nm.

Scheme 2
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