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The ready availability of [60]fullerene and its homologues as
novel electron-poat-systems has increasingly invited exploration
of their outstanding new physical and chemical properties. In
particular, the preparation of fullerene thin films is of great interest
from both a fundamental and a practical point of vigdtdowever, 2
the challenge has lain in overcoming the high aggregation
tendency of the carbon sphér@©ne approach is to introduce  showed an efficient redox response in cyclic voltammometry and
either thin-layer-forming substituents (such as long aliphatic & photoelectrochemical response under visible light irradidfion.
groups?} or surface-adsorptive substituents (such as trimethoxysilyl Here, we report the facile preparation of a novel [60]fullerene
or mercapto groupdyinto fullerenes. These fullerene derivatives porphyrin bilayer stabilized by the electrostatic force and the
can be deposited on electrode surfaces as monolayers by meangfficient photocurrent generation. The main characteristics of the
of Langmuir-Blodgett (LB) membranes and self-assembled present system are (1) unmodified [60]fullerene can be assembled
monolayers (SAMs). In these approaches, monolayer systemsas a ultrathin layer because of the encapsulation in cationic

3(M=2H)
4(M=Zn)

6 CH,0S0,

comprised of covalently linked doneacceptor molecules, in the
form of dyads and triads, can result in the high light-to-

homooxacalix[3]arenes, so that sufficiemtconjugate system
necessary for efficient electron transfer is retained in it, and (2)

photocurrent conversion values, because the fullerene layers tendll [60]fullerene molecules are insulated from each other by
to generate long-lived charge-separated states. However, only encapsulation. o _
few studies have so far been reported for these systems because The preparation c2 monolayer on an indiumtin oxide (ITO)

of their synthetic difficulty in covalently linking all of the thin-
layer-forming substituent, donor unit, and acceptor units in one

electrode was similar to that on a gold electrode described in the
previous papel!! The modified ITO electrode was immersed

molecular system. It thus occurred to us that a self-assembledinto an aqueous solution containirgyor 4 (0.37 mg mL*,
method which is easily prepared by alternate adsorption of donor respectively}? After 20 min, the electrode was washed with

and acceptor layers will offer a promising prospect for the
formation of the multilayer photocurrent generation system on
electrod€.. Previously, we reported that a hexacationic homooxa-
calix[3]arene-[60]fullerene 2:1 compleX® can be deposited on

ultrapure water and dried with a nitrogen stream (Figure 1).
We measured the UVvis absorption spectrum of the ITO

electrode coated witl2, 2—3, or 2—4 (Figure S2; the broad

absorption band at 480720 nm is caused by the light scattering).

an anion-coated gold surface as a monolayer (or at least as arhe spectrum of2 displays an absorption maximum &ax

monolayer-linked ultrathin film): as expected, this membrane
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350 nm, which corresponds to the [60]fullerene absorption
in a calixarene-[60]fullerene complex (Abgo = 6.8 x 1073,
Absygo = 2.8 x 1073 (Figure S2a). From the [60]fullerene
absorption €341 = 4.8 x 10, the surface concentration Bycan

be estimated to be 14 10719 mol cn12. On the other hand, the
bilayers of2—3 and2—4 have an additional absorption maximum

at 420 nm (Abso = 7.6 x 1073 (Figure S2b) and 428 nm
(Absis = 1.04 x 107?) (Figure S2c), respectively, which
corresponds to the Soret band in the polymer-sustained porphyrin.
The red-shift and peak broadening in these Soret bands are similar
to those in the porphyrins aggregated on an ITO electrode or in
solution!® The results support the view that the porphyrin layer
is laid on the2 layer owing to the attractive electrostatic force.
On the other hand, the Q-bands appear overlapping with broad
absorption at 4806720 nm. From the porphyrin absorption
(e416= 1.0 x 1P for 3 andesz = 1.9 x 1 for 4 in water), the
surface concentration by and4 can be estimated to be 76
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Figure 1. Schematic representation of self-assembled multilayers of
sodium 3-mercaptoethanesulfonate (first lay2risecond layer), an8
or 4 (third layer) on an ITO electrode.
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Figure 2. Photocurrent action spectra Bf 2—3, and2—4 systems on
an ITO electrode at 25C (1 mW cn?, 0.1 M NaSQ, solution containing
50 mM ascorbic acid, pH 3.5).

10 and 5.5x 107 mol cn?, respectively, in terms of the
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Figure 3. Photocurrent vs bias potential applied2qA = 400 + 16
nm, 0.56 mW cm?), 2—3 (A = 420 + 16, 1.36 mW cm?), and2—4

(A = 430 + 16, 1.53 mW cm?) systems on an ITO electrode under
monochromatic illumination (0.1 M N&O, solution containing 50 mM
ascorbic acid, pH 3.5).
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Figure 4. Schematic diagram of tHe-4 system. The electrolyte solution
contains an electron sacrificer (ascorbic acid: AsA).

(Figure 4)1314 The stable anodic photocurrents from this elec-
trolyte to the ITO electrode appeared immediately after the
irradiation of the ITO electrode with = 400+ 16 (0.56 mW
cm2), 4204 16 (1.36 mW cm?), and 430+ 16 nm light (1.53

mW cnT?) for 2 monolayer,2—3 bilayer, and2—4 bilayer,
respectively. These photoresponsive phenomena could be repeated
many times reversibly and the films were sufficiently robust. The
guantitative quantum yield can be estimated to be 10, 14, and
21% for2 monolayer2—3 bilayer, and2—4 bilayer, respectively.

concentrations of porphyrin units. The surface concentration by Surprisingly, the value (21%) for th@—4 dyad system is

porphyrin units in3 and4 can be estimated to be 0.5 and 0.4
equiv for 2, respectively, from their absorbance intensity. Since

comparable with that (25%) for Sakata’s triad system, which has
been recorded as the highest quantum yigld.

the absorbance at 350 nm corrected by subtracting the absorbance In conclusion, the present paper demonstrates that (i) the [60]-
of 3 or 4 is scarcely decreased by the adsorption treatment, onefullerene-porphyrin bilayer film can be easily prepared by

may assume th& did not peel off from the ITO electrode in the
deposition process @& or 4.

Photocurrent measurements were carried oug fmonolayer,
2—3 bilayer, and2—4 bilayer deposited on the modified ITO
electrode in 0.1 M N850, solution containing 50 mM ascorbic
acid (AsA) as an electron sacrificer using a modified ITO

adsorption of hexacationiz and then anioni@ or 4 onto the
anion-covered Au surface and (ii) these films generate a photo-
current response to visible light irradiation. The high quantum
yield is related to the inherent function of [60]fullerene encap-
sulated in cationic homooxacalix[3]arenes and suggests that our
self-assembled method is very useful for a novel and simple

electrode as the working electrode, a Pt counter electrode, and goreparation of photocurrent generators. These studies, which are

Ag/AgCI (3 M NacCl) reference electrod®.The solution was
adjusted to pH 3.5. Figure 2 shows that the action spectra for
monolayer,2—3 bilayer, and2—4 bilayer between 400 and 600
nm. It is clearly seen from Figure 2 that the action spectra for
2—3 bilayer and2—4 bilayer are markedly increased as compared
with that for2 monolayer. Especially, the increased photocurrent
density at 420 nm shows that the porphyrin units3o&nd 4

currently under investigation in this laboratory, can be further
extended into triads and tetrads by a convenient alternate
adsorption method.
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