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Abstract—In a light-to-photocurrent conversion system based on a C60–porphyrin bilayer prepared by electrostatic alternate adsorption,
porphyrin units in a porphyrin polymer have been isolated by cyclodextrin utilizing the host–guest interaction. In this system, a high
quantum yield was achieved by suppression of self-quenching of porphyrin units. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

There has been great interest devoted to the development of
photocurrent generators consisting of organic electron-
donor and electron-acceptor couples.1 These electron-
donors or electron-acceptors can be deposited on the
electrode surface as monolayers by means of Langmuir–
Blodgett (LB) membranes and self-assembled monolayers
(SAMs).2 In these approaches, monolayer systems com-
prised of covalently-linked donor–acceptor molecules, in
the form of dyads and triads, can result in the high light-to-
photocurrent conversion values.3 This high efficiency is
attributed to the ability of the donor–acceptor layers to
generate the long-lived charge-separated-state with high
quantum yields.3 It is very difficult, however, to covalently
link all of the thin-layer-forming substituent, donor unit and
acceptor unit in one molecular system by a synthetic
procedure. To find a more expeditious and more general
means of designing the multilayer photocurrent generator
system on the electrode, we have taken advantage of the
alternate adsorption method (Fig. 1(a)).4,5 A hexacationic
homooxacalix[3]arene (1)–C60 2:1 complex (2)6 can be
deposited on an indium–tin oxide (ITO) electrode with
anionic surface as a monolayer (or at least as a monolayer-
like ultrathin film) and then anionic 3 can be deposited on
the ITO electrode (Fig. 1(a)).4,5 As expected, this dyad
system showed a sensitive photoelectrochemical response
under visible light irradiation and a high quantum yield
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Figure 1. Schematic representation of self-assembled multilayers of 2 (first
layer) and 3 or 3–4 complex (second layer) on an ITO electrode.
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(14%).4 The largest advantage of the alternate adsorption
method is the easiness of the technique utilizing the self-
assembly system with maintaining the high a quantum yield.

The preparation of thin films with high surface concen-
tration of donor–acceptor molecules is indispensable to
achieve the high conversion efficiency, but it inevitably
induces self-aggregation of chromophores. After photo-
activation, therefore, the aggregated donor or acceptor
molecules on the electrode will be deactivated by self-
quenching. In fact, the high-concentration deposition and
self-quenching have always been an antinomy problem in
the light-to-photocurrent conversion system. It thus
occurred to us that the self-aggregation might be suppressed
by encapsulation of donor or acceptor molecules in a cavity
of macrocyclic host molecules. It was shown by several
groups that porphyrin is included in a hydrophobic cavity of
cyclodextrins.7 This fact prompted us to evaluate the
insulation effect of cyclodextrins on the light-to-photo-
current conversion efficiency. This paper addresses the
detailed examination of this attractive working-hypothesis
in a C60–porphyrin dyad system (Fig. 1(b)).

2. Results and discussion

2.1. Effect of the addition of cyclodextrin in aqueous
solution

The UV–Vis and fluorescence spectra of aqueous solution
of 3 (porphyrin unit x¼10 mol%)8 were measured in the
absence and the presence of 2,3,6-tri-O-methyl-b-cyclo-
dextrin (4) (Fig. 2). In the absence of 4, a broad absorption

band assignable to the Soret band appeared at 390–450 nm
and the corresponding fluorescence intensity was very
weak. The findings clearly indicate that the porphyrin units
of 3 were aggregated with one another.9 Upon addition of 4
to the aqueous solution of 3, the Soret band became very
sharp and a very strong fluorescence band was observed at
651 nm (Fig. 2). These results imply that pendent
porphyrins, aggregated in the aqueous solution, are
insulated by inclusion in the cavity of 4.10

2.2. Effect of the addition of cyclodextrin on ITO
electrode

To determine the surface concentration of 2 and 3, we
measured cyclic voltammogram (CV) of the deposited ITO
electrode (Fig. 3). From the peak current of the first
reduction of C60 and oxidation of porphyrin, the surface
concentration of 2, 3 and 3–4 complex can be estimated to
be 4.8–6.2£10210, 6.9£10211 and 8.2£10211 mol cm22,
respectively, in terms of the concentrations of porphyrin
units (Table 1).11 This result shows that the adsorption of 3
on the electrode coated with 2 is scarcely influenced by the
addition of 4.

We measured the UV–Vis absorption and fluorescence

Figure 2. (a) Absorption and (b) fluorescence spectra (lex 407 nm) of 3
(0.25 mg dm23) in the absence (continuous line) and the presence (dashed
line) of 4 (8.1 mmol dm23, 100 equiv./porphyrin unit) in water at 258C.

Figure 3. Cyclic voltammograms on the ITO electrode coated with 2–3
(continuous line) and 2–3–4 (dashed line) at 258C; (a) the cathodic
reduction of C60 and (b) the anodic oxidation of porphyrin unit.

Table 1. Surface concentration of 2 and 3 (mol cm22)

Compounds 2 Monolayer 2–3 Bilayer 2–3–4 Bilayer

2 4.8£10210 5.0£10210 6.2£10210

3 – 6.9£10211 8.2£10211
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spectroscopies of the ITO electrode coated with 2, 2–3 or
2–3–4 (Fig. 4). The appearance of broad peaks at 350–
400 nm and 500–700 nm is due to the light scattering. It is
seen from Figure 3 that the peak at 420 nm in the presence
of 4 is sharper than that in the absence of 4, indicating that in
2–3–4 system, the pendent porphyrin units are included in
the cavity of 4 even on the ITO electrode.

2.3. Photocurrent generation

Photocurrent measurements were carried out for 2 mono-
layer, 2–3 bilayer and 2–3–4 bilayer deposited on the ITO
electrode (in 0.10 mol dm23 Na2SO4 solution containing
0.05 mol dm23 ascorbic acid (AsA) as an electron sacrificer
using a modified ITO electrode as the working electrode, a
Pt counter electrode and a Ag/AgCl (3 mol dm23 NaCl)

reference electrode). To avoid the leakage of cyclodextrin
from 2–3–4 bilayer, cyclodextrin 4 was added to the
solution (2.0 mmol dm23). The pH of the solutions were
maintained to 3.5. Figure 5 shows the action spectra for 2
monolayer, 2–3 bilayer and 2–3–4 bilayer between 400
and 600 nm. It is clearly seen from these action spectra that
the photocurrent density for 2–3–4 bilayer is remarkably
increased as compared with that for 2–3 bilayer. Especially,
the increased photocurrent density at 420 nm shows that the
porphyrin units insulated as 3–4 complex act as the efficient
photoactive species. Undoubtedly, host–guest complexa-
tion is able to remarkably suppress the self-quenching of
porphyrin chromophores and evolve the long-lived charge-
separation-state of the photoactivated porphyrin.10 The
quantum yield can be estimated to be 15 and 20% for 2–3
bilayer and 2–3–4 bilayer, respectively, confirming the
effectiveness of added cyclodextrin.12

3. Summary and conclusions

The present paper demonstrated that the photocurrent
density and the quantum yield in the C60–porphyrin bilayer
system are remarkably improved by the addition of
cyclodextrin. The achievement of the high quantum yield
arises from the isolation of porphyrin units by cyclodextrin
utilizing the host–guest interaction. One can therefore
propose that the host–guest method is very useful for
preparation of photocurrent generators not only by means of
alternate layer-by-layer adsorption but also by means of
SAM. In addition, one may expect that the durability of
photocurrent generators is also improved by the encapsula-
tion of donor and acceptor molecules in the host molecules.
Further applications of this new concept are currently
continued in these laboratories.

4. Experimental

4.1. Miscellaneous

UV–visible spectra were measured on Shimadzu UV-
3000PC spectrometer. Cyclic voltammetry (CV) was
performed on a Windows-driven BAS 100 W electro-
chemical analyzer.

4.2. Materials

C60 (.99.5%) was purchased from MER corporation. 2,3,6-
Tri-O-methyl-b-cyclodextrin was purchased from Wako
Pure Chemical Industries, Ltd. The syntheses of compound
16a and 34 were described previously.

4.3. Preparation of ITO electrodes modified C60 and
porphyrin polymer

The preparation of calixarene–C60 complex 2 was reported
previously.5 Complex 2 was deposited from aqueous
solution ([2]¼0.25 mmol dm23, [NaCl]¼0.50 mol dm23)
on ITO electrode with the anionic surface by pretreatment
with 30% aqueous H2O2 solution/28% aqueous NH3

solution¼1:1 at 808C for 15 min.13 After washing with
ultrapure water and drying with a nitrogen stream, the
electrode was immersed in an aqueous solution containing 3

Figure 4. (a) Absorption and (b) fluorescence spectra (lex 418 nm) of 2–3
(continuous line) and 2–3–4 (dashed line) systems on an ITO electrode at
258C.

Figure 5. Photocurrent action spectra of 2, 2–3 and 2–3–4 systems on an
ITO electrode at 258C (1 mW cm22, 0.10 mol dm23 Na2SO4 solution
containing 0.05 mol dm23 ascorbic acid, pH 3.5).
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([3]¼0.33 g dm23, [NaCl]¼0.50 mol dm23) or 3 – 4
complex ([4]¼0.91 mmol dm23). After 10 min, the elec-
trode was washed with ultrapure water containing 4
(2.00 mmol dm23) and dried with a nitrogen stream again.

CV was performed with three-electrode configuration in
aqueous solution containing supporting electrolyte
(Na2SO4, 0.1 mol dm23). The modified ITO electrode was
used as the working electrode, the counter electrode being a
platinum wire. An Ag/AgCl electrode was used as the
reference electrode. The scan rate was 50 mV s21. All
measurements were carried out under nitrogen and at 258C.

4.4. Photoelectrochemical measurements

A 500 W Xe arc lamp (USHIO XB-50101AAA, XS-
50102AAA) was used as the light source in the photo-
electrochemical studies and a monochrometer (Shimadzu
SPG 120IR) was used to obtain different wavelengths. The
intensity of the light was measured with an energy and
power meter (Advantest TQ8210). Photocurrent measure-
ments were carried out in an aqueous Na2SO4

(0.1 mol dm23) solution by using a three-electrode photo-
electrochemical cell, consisting of the modified ITO
electrode. All measurements were carried out in the
presence of ascorbic acid (0.05 mol dm23) as a sacrificial
reagent under a nitrogen atmosphere.
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