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Abstract

Electron transfer across the biomembrane is central to photosynthesis, to mitochondrial respiration and to the design of molecular
systems for solar energy conversion. We report here that gold supported octadecanethiol/phosphatidylcholine hybrid bilayer membrane
mediated by C60 (abbreviated C60 HBM) can act as both a photosensitizer for electron transfer from a donor molecule and a mediator
for electron transport across a hybrid bilayer membrane. The steady-state photocurrent behaviors in different concentration of ascorbate,
Co(bpy)32+/3+ or Fe(CN)64−/3− solution have been studied. The rate-limiting step of the whole photoinduced electron transfer depends
on the applied potential and the redox concentration in solution. The C60 HBM electrode was fabricated for the first time and there is
no investigation on C60 incorporated octadecanethiol/phosphatidylcholine hybrid bilayer membrane in literature. The sigmoidal-shaped
steady-state photocurrent versus the applied potential curve is first observed and it is different from the linear-shapediph/E curve of C60

modified bilayer lipid membrane reported by Bensasson et al. [R.V. Bensasson, J.-L. Garaud, S. Leach, G. Miquel, P. Seta, Chem. Phys.
Lett. 210 (1993) 141]. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The electron transfer across the lipid membrane is a fun-
damental property of living systems and is exemplified in
photosynthesis. The design of molecular systems for solar
energy conversion mimics this vectorial photoinduced
charge transportation [1–4]. Fullerenes, due to their unique
structure and good photosensitizing and electron transfer
properties, have been incorporated in the bilayer lipid mem-
brane (BLM) for investigation of photoinduced electron
transfer across the BLM [1–3,5–8]. Hwang et al. mea-
sured the charge transit time across the BLM containing
fullerenes (C60 and C70) and believed that the conduction
was electronic [8], also they investigated the factors of
light, donor, acceptor, and C70 concentration on the mag-
nitude of photocurrent, found out that the light intensity
and donor concentration were the limiting factors. The
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photocurrent increased quickly and reached a plateau at
∼0.7 mM C70, probably because of limited C70 solubility
in the BLM [3]. But Niu et al. [2] believed that the C70
molecules in the BLM formed aggregates with small aggre-
gation number when C70 concentration was high enough,
which was verified by the similarity of the absorption spec-
trum of C70 in ethyl acetate-water (1% water) mixture and
the action spectrum of the steady state photocurrent of the
dithionate|C70|ferricyanide system. C70 aggregates could
rapidly and efficiently transport charge across the bilayer
system. The results of Bensasson et al. supported those of
Niu et al. Bensasson et al. [5] found that theiph/E (the
steady-state photocurrent versus the applied potential) curve
was almost linear from−150 to 100 mV. This is consistent
with an electron-hopping mechanism and they believed that
the electron transfer from the fullerene anion at the reduction
interface occurred through fullerene aggregates in which
the charge were transferred by electron hopping and ulti-
mately reach the oxidizing entities at the opposite interface.
Each fullerene molecule taking part in this electron transfer

1010-6030/00/$ – see front matter © 2000 Elsevier Science S.A. All rights reserved.
PII: S1010-6030(99)00238-5



220 D. Jiang et al. / Journal of Photochemistry and Photobiology A: Chemistry 132 (2000) 219–224

process exists firstly in anionic and then in neutral ground
state. Tien et al. [6,7] used the solid supported bilayer lipid
membrane (s-BLM) containing C60 as sensors for detecting
I−, the sensitivity of the C60-containing s-BLM to I− was
excellent with a linear response in the range from 10−8 to
10−2 M.

However, the small range of applied voltage and the
fragility of the BLM limit both its applications for devel-
oping devices of practical use and the possibility of the
intensive study during its lifetime. Moreover, with the pla-
nar BLM (p-BLM), in the case of electron transfer, it is too
complicated, because at least two BLM/solution interfaces
are involved. But with the metal supported BLM, due to the
low work function of metal, the influence of the metal/BLM
interface on the whole electron transfer processes can be ne-
glected. Furthermore, in contrast to the case of the p-BLM,
because of the blocking effect of the substrate to the ion
transportation, the ion translocation effect can be ruled out.
Consequently for the metal supported BLM, the whole
electron transfer processes are simplified. The s-BLM has
a good stability, but it often has distinct defects (such as
pinholes), therefore the electron transfer at these defects of-
ten interfere with or even cover up transmembrane electron
transfer. Thus, it is not a good model for the study of trans-
membrane electron transfer. Herein, we adopt the method
of Ding et al. [9] using a self-assembled octadecanethiol
monolayer on gold as a phosphatidylcholine support to fab-
ricate the hybrid bilayer membrane (HBM) and report the
photovoltage and photocurrent measurements on this new
system. The experimental results suggest that upon illumi-
nation, C60 molecules absorb photons and become3C60, un-
der the intrinsic electric field or applied electric field, and in
the presence of electron donors in solution, electrons trans-
fer via C60 small aggregates vectrorially [2,5] across the
HBM. The rate of whole transmembrane process is depen-
dent on the applied potential and the donor concentration in
solution.

Also our experimental results show that this kind of HBM
has no distinct defects (pinholes) and has good stability, so it
is a better model than the p-BLM and the s-BLM in studying
the transmembrane electron transfer mechanism.

2. Experimental

2.1. Materials

Octadecanethiol (Aldrich) was a generous gift from Mr.
Zhongfan Liu (Beijing University), used as received. The
lipid solution was prepared by dissolving 25 mg C60 in
2 ml toluene and then added this solution to 20 ml 2%
phosphatidylcholine in squalene. Co(bpy)3(ClO4)3·3H2O
(Tris-2,2′-bipyridyl cobalt(III) perchlorate trihydrate) and
Co(bpy)3(ClO4)2 (Tris-2,2′-bipyridyl cobalt(II) perchlorate)
were synthesized and purified according to the literature

[10] and they were verified by the UV–VIS spectroscopy
according to the literature [11]. All other chemicals are
of reagent grade and used without further purification.
Aqueous solutions are prepared with deionized-distilled
water.

2.2. Apparatus and methods

2.2.1. Apparatus
Cyclic voltammetry and electrochemical impedance

spectroscopy were performed with an electrochemical sys-
tem (EG&G PARC) which includes a Model 273 poten-
tiostat/galvanostat and a Model 5208 two-phase lock-in
analyzer and a 486 personal computer.

The open circuit photovoltage of the C60 HBM in solution
was measured by a Stanford Research Model 510 lock-in
amplifier. For photocurrent measurements, the potential ap-
plied to the C60 HBM is performed with an EG&G PARC
Model 363 potentiostat/galvanostat and the steady state pho-
tocurrent was measured by a Stanford Research Model 510
lock-in amplifier. The output of the Shimadzu tungsten light
source was monochromated by a 1350 grooves/mm grating
monochromator and was chopped by using a Stanford Re-
search Model 540 chopper controller.

2.2.2. Methods
All electrochemical experiments were carried out in a

conventional three-electrode system. The saturated calomel
electrode (abbreviated SCE) was used as a reference elec-
trode and a large area Pt electrode as a counter electrode.
All potentials reported here are referred to SCE. All exper-
iments were carried out at room temperature.

The gold supported octadecanethiol self-assembled
monolayer electrode was prepared according to the litera-
ture [12]. In our experiments, in order to avoid uncertainties
in photoelectrochemical responses, the gold supported oc-
tadecanethiol self-assembled monolayer electrode must be
structurally well-ordered and relatively defect-free (that
means no pinholes). The self-assembled octadecanethiol
monolayer electrodes were checked by AC impedance spec-
troscopy and cyclic voltammetry. Electrodes, which have
pinholes, were not used.

After the electrochemical check-up, the Au elec-
trode coated with thiol monolayer was immersed in
deionized-distilled water for about 2 h and washed with
deionized-distilled water and dried with a stream of ni-
trogen. Immediately, some lipid (containing C60) solution
was put on the surface of the octadecanethiol modified
gold electrode and transferred into a bathing solution of
0.1 mol l−1 KCl at once. After about 12 h spontaneous
thinning, the electrodes were monitored by AC impedance
spectroscopy and by cyclic voltammetry. When the capaci-
tance [9] approached 0.5m F cm−2, the bilayer was assumed
as satisfactory and then a series of photoelectrochemical
measurements were carried out.
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3. Results and discussion

3.1. Open circuit photovoltage spectrum

We use the open circuit photovoltage of 2CR1227-01
silicon photovoltaic cell (2CR1227-01 silicon photovoltaic
cell, Beijing photoelectronic devices factory) to determine
the light quantum distribution of light source and the open
circuit photovoltage of the C60 HBM electrode under the
same condition to determine the light quantum efficiency
(normalized) as shown in Fig. 1.

From the curve in Fig. 1, we can see the broad photovolt-
age spectrum with a peak around 600 nm. This spectrum
is similar to the absorption spectrum of C60 in n-hexane
solution [13]. It is quite different from the photovoltage
spectrum of polycrystalline film of C60 [14]. This indi-
cates that the C60 in the BLM exists in dissolved form
or small aggregates rather than C60 crystal or large ag-
gregates [2]. Another point needed to be addressed is the
existence of photovoltage which is indicative of charge
separation across the BLM, an explanation is that upon
illumination the3C60 is formed, at the membrane/solution
interface, the donor (impurities or water, the standard re-
dox potential of water,E0

O2/H2O, at pH=7, is 0.5631 V vs.

SCE, which is much more smaller thanE0
3C60/C60

−=1.14 V

vs. SCE, so the electron transfer between H2O and 3C60
is possible,3C60+(1/2)H2O→ H++(1/4)O2+C60

−) gives
electron to3C60, the electron is delocalized (Rao et al. [15]
have shown that a C60 film, irradiated by visible or UV light,
photopolymerizes via the possible formation of (=C=C=)
bridges between adjacent fullerenes) and the intrinsic elec-
tric field is formed, thus a photovoltage across HBM is
formed.

To find the limiting factors and clarify the transmem-
brane electron transfer mechanism, we investigated the
effect of the concentration of redox species in solution and
of the applied potential on the magnitude of the steady-state
photocurrent.

Fig. 1. Relative response of C60 HBM electrode in 0.1 mol l−1 KCl
solution (normalized), frequency 14 Hz.

Fig. 2. Steady-state photocurrent versus applied potential in ascorbate
solution (concentration [d] 39.64, [s] 80.00 mM), excitation wavelength
600 nm, frequency 14 Hz.

Fig. 3. Steady-state photocurrent versus applied potential in Co(bpy)3
2+/3+

solution (concentration [d] 0.42, [s] 0.89 mM), excitation wavelength
600 nm, frequency 14 Hz.

3.2. Photocurrent (iph) versus potential (E) characteristics

The steady state photocurrent (iph) in different redox
species solution was measured (shown in Figs. 2–4). In all
three cases, sigmoidal-shaped curves and mainly positive
photocurrents are observed. The photocurrent (iph) varies
linearly from−0.15 to 0.05 V vs. SCE, the coefficients are
all higher than 0.99, and beyond this potential region the
photocurrents tend to be saturated. In all three cases the
observation of mainly positive photocurrent at all potentials

Fig. 4. Steady-state photocurrent versus applied potential in Fe(CN)3
4−/3−

solution (concentration [d] 2.91, [s] 1.96 mM), excitation wavelength
600 nm, frequency 14 Hz.
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indicates that mainly the photoinduced oxidation of donor
in solution occurs.

An iph/E non-linear characteristic has been observed in
the case of tetraphenylboron anions [16] and monomeric
porphyrins [17]. The non-linearity of theiph/E curve results
from the non-linear dependence of the ion translocation rate
on the transmembrane electric field. In our cases, as stated
in the introduction section, the non-linearity ofiph/E curve
is unlikely caused by the fullerene ion translocation.

On the other hand, theiph/E curve should be almost linear
in the case of transmembrane intramolecular/intermolecular
multistep electron transfer [4,18–20]. In the present case
of membranes, the linear shape of theiph/E characteris-
tic from –0.15 to 0.05 V vs. SCE suggests that the dom-
inant mechanism is electron hopping [18] within the bi-
layer medium rather than translocation of fullerene anions.
Because the whole photoinduced transmembrane electron
transfer process involves two processes, (1) electron trans-
fer between donor in solution and photoinduced3C60 at the
membrane/solution interface and the formation of C60

−, (2)
electron transfer through C60 small aggregates across the
HBM in which the charge were transferred by electron hop-
ping, and in which each C60 molecule taking part in this
electron hopping process exists successively in the anionic
and the neutral ground state. The sigmoidal-shapediph/E
characteristic may be an indication of change in electron
transfer limiting step.

Also in all three cases at the potentials more negative than
−0.15 V vs. SCE, only small photocurrents are observed.
This may be a support of existence of the intrinsic electric
field, which is caused by the difference in Fermi levels be-
tween the gold substrate and solution. This phenomenon is
in agreement with the current response under different over-
potential of an n-type semiconductor/liquid junction. As the
potential goes negative the inner electric field decreases, so
does the rate of charge transport in the HBM; likewise, as
the applied potential goes positive, the inner electric field in-
creases, the electron separation and migration become faster,
so a lineariph/E appears. As the potential goes negative fur-
ther, the electron separation and migration is blocked be-
cause almost no electron acceptor can take an electron from
3C60 thermodynamically. The negative small photocurrents
at far negative potential (for example, less than –0.2 V vs.
SCE) might result from dissolved impurities or water. The
linear dependence of photocurrent on applied potential indi-
cates that the electron separation and migration in the HBM
is the limiting step of the whole photoinduced transmem-
brane electron transfer. At potentials higher than 0.05 V vs.
SCE, theiph/E curves change much more slowly and tend
to reach plateau, an explanation is that when the potential
goes positive, the inner electric field is getting higher, so is
the rate of charge transport across the HBM, therefore the
limiting step changes from the inner charge transport to the
interfacial electron transfer between redox couple in solu-
tion and3C60 in the HBM. This also can be seen from the
iph/C curves under different redox concentration (Figs. 5–7).

Fig. 5. Steady-state photocurrent versus ascorbate concentration (applied
potential [d] 0.00, [s] 0.10 V vs. SCE), excitation wavelength 600 nm,
frequency 14 Hz.

Fig. 6. Steady-state photocurrent versus Co(bpy)3
2+/3+concentration (ap-

plied potential [d] −0.1, [h] 0.00, [m] 0.2 V vs. SCE), excitation wave-
length 600 nm, frequency 14 Hz.

3.3. Photocurrent (iph) variation versus concentration (C)
characteristics

In order to examine the influence of the concentration of
redox couple on the transmembrane electron transfer pro-
cess, we changed the concentration of the redox couple in
solution and measured the photocurrent of the C60 HBM
electrode at given potential with different concentrations of
redox couple, as shown in Figs. 5–7. For all three different

Fig. 7. Steady-state photocurrent versus Fe(CN)3
4−/3− concentration (ap-

plied potential [d] −0.10, [j] 0.00, [h] 0.1, [s] 0.2 V vs. SCE), ex-
citation wavelength 600 nm, frequency 14 Hz.
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redox couples, in low concentration region the photocurrents
increase monotonically with the redox species concentra-
tion. In the cases of ascorbate and Fe(CN)6

4−/3−, the pho-
tocurrents tend to reach plateaus. Also it can be seen that the
more positive the applied potential is, the higher the pho-
tocurrent is. All these demonstrate that in low concentration
region the dominant step of the whole photoinduced trans-
membrane electron transfer process is the interfacial electron
transfer reaction, with the donor concentration increasing,
the limiting step shifts from interfacial electron transfer to
the charge transfer across HBM. Another feature that can be
seen is that as the donor concentration approaches zero the
photocurrent does not approach zero, which is contradictive
with the above argument. An only explanation is that water
(the standard redox potential of water,E0

O2/H2O, at pH=7,
is 0.5631 V vs. SCE) in solution can act as electron donor,
this fact prevents us from getting more specific photocurrent
dependence on donor concentration.

3.4. Thermodynamic considerations

Although the standard redox potentials have been
measured in solvents different from ours, a fine estima-
tion can be made for our case. The reduction potential
is known for fullerenes, and we can adoptE0

C60/C60
−

=−0.42 V vs. SCE [21]. The reduction potential of3C60
should be higher than that of the ground state by the amount
of triplet energy, 1.56 eV [21], so thatE0

3C60/C60
− should be

1.56–0.42=1.14 V vs. SCE. The redox potentials of redox
couples in solution areE0

ascorbateox/ascorbatered
=−0.21 V vs.

SCE [18],E0
Co(bpy)3

3+/2+=0.07 V vs. SCE,E0
Fe(CN)6

3−/4−=
0.22 V vs. SCE. The photoreduction of fullerene triplet
3C60 by redox couples in solution is thus highly exergonic
with 1G0 being approximately−1.35 eV for ascorbate ox-
idation,−1.07 eV for Co(bpy)32+ oxidation and−0.92 eV
for Fe(CN)6

4− oxidation.
In contrast, the photooxidation of3C60 can be esti-

mated to be endergonic. TakingE0
C60

+/C60
=1.8 V vs.

SCE [18], the value ofE0
C60

+/3C60
is 1.8−1.56=0.24 V

vs. SCE, and1G0 should be 0.17 eV for Co(bpy)3
3+

reduction and 0.02 eV for Fe(CN)6
3− reduction. As the

value of E0
O2/H2O (0.5631 V vs. SCE) is higher that

that of E0
C60

+/3C60
(0.24 V vs. SCE), the oxygen in

solution can oxidize3C60 to C60
+, thermodynamically.

However, the concentration of oxygen in solution is very
low, as a result, the negative photocurrents due to3C60 ox-
idation are covered up by the positive photocurrent due to
3C60 reduction. From these roughly estimated data above
we can see that3C60 photoreduction is thermodynamically
possible much more than3C60 oxidation, so theiph/E re-
sponse is in agreement with the current response of n-type
semiconductor/liquid junction under different overpoten-
tials. These rough thermodynamic considerations indicate

that the major part of the electron transfer process may
occur via the photoreduction of triplet3C60 at the mem-
brane/solution interface.

4. Conclusion

Overall the linear shape of theiph/E characteristic from
–0.15 to 0.05 V vs. SCE suggests that the dominant mech-
anism is electron hopping across the bilayer medium rather
than translocation of fullerene anions. The photoinduced
electron transfer at certain C60 concentration in the HBM
at the given incident light intensity depends on the electric
field or the across-membrane potential and donor concentra-
tion in solution. The limiting step of overall photoinduced
transmembrane electron transfer, dependent on these factors,
is changeable. The non-zero photocurrent of the C60 HBM
electrode in solution without redox species is first observed
here, demonstrates that water can act as electron donor for
photoreduction of3C60.

The results of our study are consistent with a mechanism
of photoinduced electron transport in initially or dynamically
aggregated fullerenes in the phospholipid bilayer membrane.
The lifetime,τ , of 1C60 (1.2 ns) and that of3C60 (410ms)
[1] favor the involvement of3C60 in the electron transfer
process.
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