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ABSTRACT: A hybrid molecular photovoltaic system, based on
fullerene C60 and lutein (a natural photosynthetic carotenoid
pigment) that are assembled in a phospholipid/alkanethiol bilayer
matrix, is described here. The assembly and photoconversion
behaviors of such a system were studied by UV−vis spectroscopy,
cyclic voltammetry, impedance spectroscopy, photoelectrochem-
ical action spectroscopy, and photocurrent generation. While
lutein itself is inefficient in generating photocurrent, it can
strongly modulate photocurrents produced by fullerenes when
coassembled in the lipid bilayer matrix presumably via photoinduced electron transfer. Our results thus provide a successful example
of combining both synthetic and natural photoactive components in building molecular photovoltaic systems.

■ INTRODUCTION
Interests in studying photocurrent/photovoltage generation from
a small number of layers of photoactive electron donors/ac-
ceptors, i.e., molecular photovoltaics, have grown significantly in
recent years.1−3 Through precise control of energetics and organi-
zation of involved species, these systems offer well-defined models
for systematic probing of various physiochemical parameters
critical in a photoconversion process, which may be convoluted or
inaccessible in conventional organic photovoltaic systems. Using
several solid-supported lipid bilayers as general structural
scaffolds, we have developed a series of modular molecular photo-
voltaic systems.4−6 In the new two-component system described
here, we show that the addition of lutein (a natural carotenoid
species) in the lipid matrix can significantly modulate fullerene’s
photocurrent output, whereas the system containing lutein alone
is found to be inefficient in generating photocurrent.
Carotenoids present a unique set of light-harvesting pig-

ments that is being employed by nature in photosynthesis
alongside chlorophylls and bilins.7 In green plants and photosyn-
thetic algae, carotenoids generally fulfill three major biological
functions.7−10 First, in terms of light harvesting, they can absorb
light efficiently at the spectral region where chlorophylls lack sig-
nificant absorption (i.e., blue-green region); and thus absorbed
solar energy can be further directed into the photosynthetic
process via energy transfer from carotenoids to neighboring chlo-
rophylls. In addition, carotenoids can photochemically protect the
photosynthetic apparatus by quenching excited triplet chloro-
phylls and singlet oxygen. Finally, carotenoids also serve as
building blocks to stabilize the structure of photosynthetic protein
complexes. In particular for the carotenoid studied here, lutein is
the most abundant carotenoid in the higher photosynthetic ap-
paratus and can be found in essentially all light-harvesting
complexes (LHCs).11,12

Unlike chlorophylls and their synthetic analog porphyrins,
which have received extended investigations over the years,
efforts of adopting carotenoids as a light-absorbing pigment in
organic photovoltaic systems are relatively scarce. This disparity
might be due to several reasons. Structurally, many of the
linear, heavily conjugated carotenoids lack convenient sites for
functionalization, whereas others can only be modified at the
distal end(s). Spectroscopically, the very short-lived excited
states of carotenoids,13,14 e.g., <50 ps for first singlet state (S1)
and <200 fs for second singlet state (S2) of β-carotene, often
make it difficult to capture the absorbed light as electro-
chemical energy in artificial systems. Among the few reported
attempts,15−17 Moore, Sereno, and co-workers16,17 studied
photocurrent generation from two carotene derivatives
Langmuir−Blodgett deposited on indium tin oxide electrodes.
Interestingly, although the two carotenoids differ only by one
functional group, i.e., from a carboxylic to an amino group at
one end of the structure, significant differences in their elec-
trochemical and photochemical behaviors were observed. These
results demonstrate the dependence of the photoconversion
efficiency on structural symmetry and electronic coupling
strength of the participating carotenoids, and also imply the
possibility of modifying such factors in photovoltaics using
carotene-based materials. Although we are not aware of any
previous work that employs carotenoids together with ful-
lerenes for direct photocurrent generation, it has previously
been shown that the inclusion of carotenoids in photoactive
electron donor/acceptor complexes18,19 can significantly pro-
long the charge separation by suppressing the charge re-
combination processes.
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Here, we describe a new molecular photovoltaic system based
on fullerene and lutein coassembled in self-assembled hybrid bi-
layers of alkanethiols and phospholipids on gold electrodes. At
modest loadings of 1−3 mol %, the photoinduced electron trans-
fer between lutein and fullerene can effectively compete with the
fast relaxation of excited lutein, resulting in a significant modula-
tion of the photocurrents generated by the coassembled fullerenes.
These results can be understood by evaluating the orientation of
lutein in lipid membranes, the energetics and relative position of
these photoactive species in the hybrid bilayer matrix.

■ EXPERIMENTAL SECTION
Reagents. Phospholipid 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC) was obtained from Avanti Polar Lipids. Synthesis
of monomalonic fullerene (C63) was reported previously.4 Lutein was
obtained from Indofine Chemical Company, Inc. Sodium sulfate and
sodium chloride were obtained from Fisher Scientific. Other reagents,
including dodecanethiol (C12SH), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), methyl viologen dichloride hydrate
(MV2+), tetrabutylammonium tetrafluoroborate (Bu4NBF4, 99%),
L-(+)-ascorbic acid sodium salt (sodium ascorbate), D-(+)-glucose,
glucose oxidase (type X-S, f rom Aspergillus niger), and catalase from
bovine liver were purchased from Sigma-Aldrich. All solutions em-
ployed in these experiments were prepared using 18.2 MΩ•cm deion-
ized water (Millipore).
Assembly of Hybrid Bilayers. Gold-coated substrates were fabri-

cated by sputtering gold onto chromium-coated silicon wafers. The
thickness of the gold layer was about 200 nm. Prior to the self-
assembly of alkanethiol monolayers, the gold-coated substrates were
cleaned in piranha solution (3:1 v/v concentrated H2SO4/30% H2O2
solution) for 15 min and thoroughly rinsed with water and ethanol and
dried in an argon stream. Thus cleaned gold electrodes were incubated
in 1 mM alkanethiol in ethanol solution at room temperature for at least
12 h. After that, the self-assembled monolayer (SAM) modified gold sub-
strates were rinsed with copious amount of ethanol and DI water, dried
in argon, and then assembled in a homemade Teflon photoelectro-
chemical cell for further use.
Liposomes of various compositions are prepared by an extrusion-

based method as previously described. Briefly, appropriate quantities
of lipids in chloroform were thoroughly mixed and dried to a film by
rotary evaporation. This mixture was then sonicated (Bransonic,
model: 3510-DTH) in HEPES buffer (10 mM HEPES, 100 mM
NaCl, pH 7.7) at room temperature for 2 h. The resulting solution was
then extruded consecutively through polycarbonate membranes
(Nuclepore, Whatman) of 400 and 80 nm diameter pores at room
temperature. The total lipids concentration of the final product was
approximately 1.25 mM. The exact compositions of lipids used in the
preparation are specified in the main text.
The formation of phospholipid/alkanethiol hybrid bilayers has been

described previously. Typically, a 300-μL liposome solution (total lipid
concentration: 1.25 mM) was added onto a SAM above prepared and
incubated for 2 h. Afterward, the unbound liposome solution was
completely removed from the cell by thorough solution exchange with
the buffer solution (10 mM HEPES, 100 mM NaCl, pH 7.7).
Impedance Spectroscopy. The impedance measurements of the

alkanethiol/lipid hybrid bilayers were carried out with a μAutolab Type
III/FRA2 electrochemical impedance analyzer system (Metrohm Autolab
B.V., Netherlands). Impedance measurements were analyzed by FRA 4.8
software. A conventional three-electrode setup was employed, which
contains bilayer-modified gold electrodes as the working electrodes, a Ag/
AgCl (KCl saturated) reference electrode, and a Pt wire as the counter
electrode. The electrochemical cells were biased with a 5 mV a.c. voltage
operated in the frequency range from 10 Hz to 10 kHz. The obtained
impedance data were fitted to a series-RC circuit model using a modeling
package included in FRA 4.8. The typical fitting errors were less than ±5%.
Electrochemical Measurements. The cyclic voltammetry of

lutein was run by a computer-operated potentiostat (CHI 910B, CH
Instruments) in dichloromethane with 0.1 M tetrabutylammonium

hexfluorophosphate (Bu4NBF4) as the supporting electrolyte. The
three-electrode setup contains a 1-mm gold disk electrode as the
working electrode, a Pt wire counter electrode, and a Ag wire as the
reference electrode. The voltammetric scan rate was 100 mV/s. Unless
otherwise mentioned, all potentials are reported versus a standard
Ag/AgCl reference electrode.

UV−vis Absorption Spectroscopy. UV−vis spectroscopy was
carried out using a UV−visible spectrophotometer (Cary 50 Bio, Varian).
To obtain absorption spectra of lutein in hybrid bilayers, a home-
machined Teflon cell was fitted to the sample holder of the same spec-
trometer and so optically aligned. The cell is designed to have an
all-through liquid reservoir that can be sandwiched between two planar
substrates. One of the substrates is a semitransparent gold substrate
(10 nm Au coated on glass slides, Sigma-Aldrich), on which the hybrid
bilayers are formed, while the other is microscope cover slides (VWR).

Photoelectrochemical Measurements. The photoelectrochem-
ical measurements were carried out in a three-electrode Teflon photo-
electrochemical cell. The three-electrode setup contains the gold
substrate with a lipid/SAM bilayer as the working electrode, a Pt
counter electrode, and a Ag/AgCl (KCl-saturated) reference elec-
trode. The effective area of the gold electrode is ∼1.13 cm2. For the
photocurrent generation and potential bias measurements, the
electrolytes contain either 50 mM ascorbate (anodic) in HEPES
buffer or methyl viologen (cathodic) in 0.1 M Na2SO4. The cell was
irradiated with light from a Hg lamp (X-Cite, series 120 PC, EXFO)
filtered at 417 ± 30 nm (average intensity: ∼40 mW/cm2). In the case
of anodic current generation, oxygen in the cell was removed by add-
ing 50 mM glucose, 50 units/mL glucose oxidase, and 200 units/mL
catalase in the solution. To obtain the photocurrent action spectra, the
bilayer samples were irradiated with monochromated light from a Xe
lamp (100 W), and the resulting photocurrents were recorded by a
potentiostat (CHI 910B, CH Instruments). The obtained photo-
currents were corrected for the variation of excitation light intensity
using a photometer (Thorlabs). The incident photon to electron
conversion efficiency (% IPCE) was calculated with the equation: %
IPCE = 100 × (I × 1240)/(Pλ), where I is the observed photocurrent
in amperes per squared meter, P is the excitation light intensity in
Watts per squared meter, and λ is the wavelength in nanometers.

■ RESULTS AND DISCUSSION

The hybrid-bilayer based photoelectrochemical system was pre-
pared in two steps similar to previous reports.5,20 As detailed in
the Experimental Section, an alkanethiol monolayer is first formed
on gold via self-assembly, on which a lipid monolayer is then de-
posited through lipid fusion by incubating the SAM in a liposome
solution. Since the lipid fusion process is primarily driven by
hydrophobic/hydrophobic interaction between hydrocarbon
chains of alkanethiols and phospholipids, and the dose of ful-
lerene and lutein in the liposome is relatively low (i.e., 1−3 mol %
vs the amount of POPC), a proportional incorporation of these
photoactive agents, according to their concentration in liposomes,
in the final bilayer structure can be expected. Impedance spec-
troscopic measurements of bilayers containing these dopants
reveal dielectric thicknesses consistent with lipid monolayer for-
mation on alkanethiol SAMs (SI Table 1). In terms of their
position and orientation in the lipid matrix, the amphiphilic
malonic fullerenes (C63) are expected to occupy positions at the
lipid/water interface.21,22 As for lutein, two orientations23,24 are
deemed plausible, with the lutein chain either running parallel or
threading perpendicularly to the lipid monolayer (Figure 1).
Cyclic voltammetry was used to determine the first redox

potentials of lutein. As shown in Figure 2, the first positive
sweep produced a single oxidation wave at 0.56 V vs Ag/AgCl,
and this was accompanied by two small irreversible reduction
waves in the returning scan, which may be caused by grafting of
lutein on the electrode surface upon oxidation. The magnitude

Langmuir Article

dx.doi.org/10.1021/la204642a | Langmuir 2012, 28, 4877−48824878



of the oxidation wave decreased and broadened into two peaks
in the subsequent scans, while the corresponding reduction

waves grew only slightly. In a separate measurement, a direct
negative potential scan produced no reduction features before
the reduction of solvent (not shown), i.e., at about −1.2 V vs
Ag/AgCl, indicating that the reduction of lutein must occur at
still more negative potential regions.
The quantitative incorporation of lutein in POPC liposomes

was monitored by UV−vis absorption spectroscopy (Figure 3).
For the UV−vis spectra of C63/POPC liposomes, two main
peaks at 260 and 328 nm correspond to the strongly allowed
electronic transitions of C60 fullerenes, with relatively weak
absorption observable up to ∼430 nm;4 whereas for liposomes
containing 1−3% lutein, the three peaks arising between 400
and 500 nm (i.e., 429, 452, and 482 nm) are typical for the
strongly allowed S0−S2 transition of carotenoids.10 The inset of
Figure 3 records the absorption spectrum of a C12-SAM/
POPC hybrid bilayer assembled with 2% fullerene C63 and 5%
lutein, and the three-peak structure closely matches that seen in
liposome samples.
To investigate the variation of photocurrents as a function of

the photon energy, photocurrent action spectra were obtained
from bilayers containing either fullerenes alone or fullerenes
together with luteins under both anodic and cathodic conditions
(Figure 4). In the case of anodic photocurrent generation, the
inclusion of more luteins in the bilayers generally caused the
current and hence % IPCE to drop across the probed wavelength
range. Between bilayers containing 1 and 2% lutein, such a drop is
small but still distinctive. By contrast, a higher cathodic photo-
current and % IPCE were obtained instead when both fullerenes
and luteins were included in the bilayer. For the latter case,
photoaction spectra from POPC alone and 2% lutein in POPC
were also obtained for comparison.
The observed photoactivity of lutein in the bilayer-based

photoelectrochemical system prompted us to look further into
its exact function(s) therein. Initially, we found that bilayers
containing luteins alone were comparatively inefficient in
generating photocurrents, i.e., approximately 2 and less than
−1 nA/cm2 in the anodic and cathodic process, respectively
(Figure 5). This low performance can be understood by

Figure 2. Cyclic voltammograms of lutein. The solution contains
0.5 mM lutein in dichloromethane with 0.1 M Bu4NBF4. The three-
electrode setup contains a Au working electrode, a Pt counter electrode,
and a Ag quasireference electrode. Scan rate: 100 mV/s. The arrows
indicate the direction of growth/decay of the voltammogram in scans 1−3.

Figure 1. Schematic presentation of the experimental setup. In this
structure, photoactive fullerene and lutein are organized on the gold
electrode by an alkanethiol/lipid hybrid bilayer.

Figure 3. UV−vis spectra of POPC liposome samples containing 2% (mol) fullerene and 1−3% lutein (from bottom to top). The liposome solutions
contain 0.25 mM POPC and are dispersed in 10 mM HEPES buffer saline (0.1 M NaCl, pH 7.7). (inset) Absorption spectrum of 2% fullerene C63
and 5% lutein assembled in a dodecanethiol/POPC bilayer on a semitransparent gold substrate. The gray dashed lines correspond to the absorption
peaks of the liposome samples. See the Experimental Section for details.

Langmuir Article

dx.doi.org/10.1021/la204642a | Langmuir 2012, 28, 4877−48824879



considering the fast decay dynamics10 of lutein’s excited states
as well as its relatively slow electron transfer rate, which lead to
a rather insignificant photovoltaic process. In addition, the gold
substrates can also depopulate the excited-state luteins via
energy transfer.25 To actively modify the distribution of energy
among all competing energy-dissipation channels and hence
remedy the energy loss, one can introduce electron-accepting
species into the system. Under favorable conditions (e.g., ener-
getics, distance and orientation, etc.), a more efficient electron
transfer between the electron donor and acceptor can be
established, which then would direct a larger portion of the
absorbed light energy to the pathway of charge separation.
Considering the known electron-accepting capability of full-
erenes, we further studied the photoconversion behavior of
fullerenes in the presence of luteins. As shown in Figure 6,
adding 1, 2, and 3% lutein in the bilayers caused the anodic
photocurrents obtained from 2% fullerene C63 to decrease
by 14, 22, and 43%, respectively; whereas under cathodic

conditions, these devices produced a series of enhanced photo-
currents, i.e., 1.9, 2.7, and 4.2 times higher current for 1, 2,
and 3% luteins. Thus, under our experimental conditions,

Figure 4. Photoelectrochemical action spectra of 2 mol % fullerene C63
assembled in C12-SAM/POPC hybrid bilayers with/without various
amounts of lutein. Calculation of the incident photon to electron
conversion efficiency (% IPCE) is given in the Experimental Section.
The anodic action spectra (top) were generated in 50 mM ascorbate
dissolved in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.7).
Removal of oxygen in solutions was achieved by adding 50 mM glucose,
50 units/mL glucose oxidase, and 200 units/mL catalase. The cathodic
spectra (bottom) were generated in an oxygen-saturated 0.1 M Na2SO4
aqueous solution containing 50 mM methyl viologen. The typical
excitation light intensity was in the range of 0.1−0.4 mW/cm2.

Figure 5. Background photocurrents. Currents were generated from
POPC alone (traces in black) or 2% lutein in the POPC (in red)
monolayer formed on C12SH SAMs. The anodic photocurrents were
generated in 50 mM ascorbate dissolved in HEPES buffer (10 mM
HEPES, 100 mM NaCl, pH 7.7). Removal of oxygen in solutions was
achieved by adding 50 mM glucose, 50 units/mL glucose oxidase, and
200 units/mL catalase. The cathodic photocurrents were obtained
from 50 mM methyl viologen dissolved in 0.1 M Na2SO4. All photo-
currents were collected with the three-electrode electrochemical cell as
described in the Experimental Section. The excitation light was provided
by a Hg lamp filtered at 417 ± 30 nm; average intensity: 40 mW/cm2.

Figure 6. Photocurrent generation from 2% fullerene C63 and 1−3%
lutein assembled in C12-SAM/POPC bilayers. Other conditions are
idential to those described in Figure 5.
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i.e., 1−3% photoactive species in hybrid lipid bilayers, a suffi-
ciently efficient electronic communication between excited lutein
and fullerene can be obtained.
To account for the observed photocurrent modulation effect,

we further consider the mechanisms of energy/electron transfer
between lutein and fullerene under light irradiation. Previous
time-resolved spectroscopic studies of covalently linked
carotene-fullerene complexes18,19 revealed that electron transfer
generally occurs in such systems and both carotenoid and ful-
lerene are capable of producing charge separation upon photo-
excitation. In the cases where both electron/energy transfer
mechanisms are found to be involved, their relative significance
depends critically on the solvents in which these conjugates are
dispersed. Using transient absorption spectroscopy, for
example, Berera and co-workers19 studied the electron/energy
transfer of a conjugated carotene-C60 dyad in hexane and
toluene. While the lifetime of carotene S2 excited state was not
directly determined due to its extremely short time scale, their
results established that electron transfer between covalently
linked carotene and fullerene could occur even from carotene’s
S2 state. By assuming the energy transfer characteristic of the
conjugate is solvent independent, they were able to further
estimate that ∼16% of S2 carotene population directly under-
goes charge transfer with ground-state fullerenes. Considering
that both fullerene and lutein are situated in a relatively hetero-
geneous matrix, i.e., a single hybrid lipid bilayer interfacing
water, and the observed direction-dependent modulation of
photocurrents by lutein, we can postulate that electron transfer
between lutein and fullerene should be at play in the present
system. However, without further evidence from time-resolved
spectroscopy, we cannot rule out the possibility of energy
transfer between lutein and fullerene in our system or if so, its
relative contribution as compared to electron transfer. For these
considerations, we focus the following discussion on the
plausible electron transfer pathways that might be involved in
the present photocurrent generation system.
The reduction potentials of excited lutein (L*) can be esti-

mated as follows,

* = − *+ +E E E( L/L ) (L/L ) (L )0 0
0,0

where E0(L/L+) is the ground-state oxidation potential (0.56 V
vs Ag/AgCl) and E0,0(L*) is the zero−zero transition energy of
lutein (i.e., 1.74 eV for the S0 → S1 transition

10). This gives an
E0(*L/L+) of −1.18 V vs Ag/AgCl as the photoreduction
driving force. Combining these values with redox potentials of
fullerene and electron donor/acceptor in the solution, energy
diagrams describing anodic and cathodic photocurrent
generation processes can be sketched (Figure 7). Importantly,
as the fullerene and lutein species are directionally organized in
the bilayers, the resulting charge separation between the two is
likewise vectorially oriented. In the cathodic process, specifi-
cally, the separated charges are aligned in parallel with the
electron flow direction, giving rise to higher currents compared
to devices containing fullerenes only. At both ground and
excited states, luteins assist to relay the electrons outward via
a downhill electrochemical cascades, i.e., the electrode →
lutein → fullerene → methyl viologen/oxygen, which thermo-
dynamically favor cathodic photocurrent generation and
suppress the backward charge recombination.26,27 By contrast,
in the anodic process and in the presence of lutein, the col-
lective orientation of separated charges between fullerenes and
luteins runs against the direction of the electron flow, which

sets to decrease the overall photocurrents as lutein cation
radicals (L•+) situated deep in the bilayer can intercept the
incoming electrons injected by fullerene anions (F•−).
While the above discussion only invokes singlet-state ful-

lerenes, it does not in any way exclude the possible involvement
of triplet fullerenes in the electron transfer steps or in energy
transfer. Since lutein and fullerene species are assembled in the
lipid bilayer (as compared to covalently linked conjugates), the
intersystem crossing of photoexcited fullerenes may occur in
the regions where the distance/orientation of electron transfer
between the two are not ideal. While the present study is focus-
ed on the photoactivity and photocurrent modulation effect of
lutein in hybrid-bilayer based photovoltaic models, further
studies, particularly with time-resolved spectroscopy tools, are
clearly needed for a better understanding of the electron/
energy transfer dynamics and mechanisms of such systems.

■ CONCLUSIONS
We report here a hybrid lipid-based molecular photovoltaic
system consisting photoactive fullerene and lutein. While lutein
itself is inefficient in producing photocurrent in the lipid bilayer
matrix, it can effectively modulate photocurrents produced by
the coassembled fullerene, presumably via electron transfer
mechanism. Our results point to the possibility of utilizing
natural light-harvesting pigments such as carotenoids in arti-
ficial photoconversion system and in addition, the versatility of
lipid-based membranes in assembling and organizing hydro-
phobic as well as amphiphilic species on electrodes.
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Figure 7. Energy diagrams for the anodic/cathodic photocurrent
generation. Thick blue arrows indicate light absorption, whereas
directions of electron flow are indicated by red (anodic) and green
(cathodic) arrows. Sacrificial species used in the anodic process is
ascorbate (AscH− − e− − H+ → Asc•−, −0.16 V vs Ag/AgCl), whereas
methyl viologen (MV2+ + e− → MV•+, −0.62 V) and oxygen (O2 +
e− → O2

•−, −0.48 V) are used in the cathodic process.
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