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Functional molecular materials[1–3] are becoming recog-
nized[4–6] as active components at the nanoscale level where
the derived properties can be realized without the effects of
scaling.[7] In this context, hybrid top-down/bottom-up meth-
odologies are defining how molecular materials can be in-
corporated into nanoscale electrical[8] and mechanical[9] sys-
tems. An alternative perspective considers artificial molecu-
lar machines,[2] such as [2]pseudorotaxanes[6d] and bistable
[2]rotaxanes,[10] as fully integrated systems that utilize elec-
trical circuitry as a platform on which to organize,[8a]

power,[8b] and control[6e] molecular actuation. As a means of
incorporating a source of electrical energy directly into
either nanoscale[8] or molecular[11] systems, we have studied
a photoactive donor–chromophore–acceptor molecular
triad[12,13] that mimics, to a certain degree, the photodiode
response of a semiconductor p–n junction. Such an idea has
been investigated[14] in a biological context with molecular
triads comprised of carotene as the electron donor and
either naphthoquinone or C60 as the electron acceptor.
These triads facilitated the active transport of H+ and Ca2+

ions across liposomal membranes by mimicking the photo-
synthetic energy transduction mechanism. Here in this com-
munication, we show, in a wholly artificial system, that a
photocurrent is gated by light, the wavelength of which is
specifically tuned to the maximum absorption of the light-
absorbing porphyrin chromophore of a molecular triad (Fig-
ure 1a). This nanoscale power supply is used subsequently
to drive an artificial supramolecular machine in the form of
a pseudorotaxane.

Donor–chromophore–fullerene molecular triads, where
the donor and chromophore have been widely varied, are
one of the most successful approaches to mimicking[1,14]

photosynthetic reaction centers on account of the unique
electron-accepting properties of fullerenes (e.g., C60). Two
classes of fullerene-based molecular triads, bearing a por-
phyrin (P) as the chromophoric unit, constitute the basis of
our design. When ferrocene (Fc) is employed[12a–c] as the
donor, a self-assembled monolayer (SAM) of the appropri-
ate triad converts light energy into an electrical current in
an aqueous photoelectrochemical cell. With tetrathiafulva-
lene (TTF) as the donor, organic solution-phase studies on
the derived triad show[13a] that efficient charge-separation is
produced after light excitation. Photoinduced electron trans-
fer (PET) from the porphyrin to the fullerene unit is fol-
lowed by a charge shift (CS) to the TTF unit that ultimately
leads to a relatively stable charge-separated intermediate
(TTF+ C-P-C60

�C).[15] Electronic reset through back electron
transfer (BET) within the charge-separated species restores
the neutral ground state.

Initially, we report here on the ability of a molecular
Triad (Figure 1a), which uses TTF as the donor group
(TTF-P-C60), to perform (Figure 1b–d) photo-to-electrical
energy conversion. This design incorporates the efficient
motifs of charge separation in TTF-based triads,[13] together
with a disulfide-based tether for attachment to a gold elec-
trode. The Triad was designed and synthesized in a modular
fashion (see Supporting Information) from its components
in order to allow its electronic properties (namely, the life-
time of the charge-separated intermediates, and redox ener-
gies) to be optimized according to Marcus theory by subse-
quent structure–property feedback loops. In this Triad con-

Figure 1. a) The structural formula of the tetrathiafulvalene–porphyr-
in–fullerene molecular Triad, which bears a disulfide tether to
enable the formation of a SAM. The triad was used in a photoelectro-
chemical cell to demonstrate the generation of electrical energy from
light; b–d) proposed vectorial electron transfer mechanism for the
photoresponse of a photoelectrochemical cell comprised of a SAM of
the triad on a Au electrode in contact with an electrolyte solution
that contains a Pt counter electrode (Ag/AgCl reference electrode not
shown) connected externally to a potentiostat (PET: photoinduced
electron transfer; CS: charge shift; BET: back electron transfer).
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stitution, a long and flexible diethylene glycol spacer has
been incorporated between the TTF and porphyrin units in
order to enable the subsequent template-directed[16] synthe-
sis of a [2]rotaxane. This structural feature influences the
distance between the TTF and C60 units and will have an
effect[1] on the lifetime of the charge-separated state, and
hence on the efficiency of the energy conversion.

UV/Vis spectroscopy shows (Figure 2) that the absorp-
tion spectrum of the Triad is a linear combination[12c,13] of
the spectra associated with the constituent units. Conse-

quently, the porphyrin chromophore in the molecular Triad
can be photoexcited selectively by irradiating near its Soret
band (420 nm) where the TTF and C60 units have negligible
absorptions. The cyclic voltammogram (CV) of the Triad
SAM on a gold wire electrode shows (Figure 2, inset) a
prominent quasi-reversible[13b] peak at 680 mV assigned to
the two-electron oxidation of the TTF unit. The C60 unit dis-
plays two closely-spaced reduction processes at �390 and
�500 mV.[17] The surface coverage of the Triad on the gold
surface is estimated from the oxidation peak of the TTF
unit to be 1.4 nm2molecule�1, a finding that is consistent
with a close-packed monolayer.[18] The same CV was ob-
tained after a period of five days, thus establishing the sta-
bility of the SAM, which is an advantage for the long-term
operation of these devices.[19]

Photoelectrochemical experiments were carried out in a
standard three-electrode electrochemical cell (0.1m Na2SO4

(aq), aerated).[12c] A gold foil, coated with a SAM of the
Triad, was used as the working electrode, a platinum gauze
as the counter electrode, and Ag/AgCl (saturated KCl) as
the reference electrode. In these experiments, a photocur-
rent was generated (Figure 3a) when 413 nm laser light (Kr
ion laser, 34�3 mWcm�2) was switched ON or OFF, while
the cell was biased at �500 mV. Bare gold and a SAM of

decanethiol on gold did not display the light-gated response
(Figure 3a). The photoaction spectrum (Figure 2) reveals
that when the SAM of the Triad was irradiated within the
porphyrin unit@s Soret band using 413 nm light, a maximum
in the photocurrent intensity was observed. In addition,
there was some photosensitization coincident with the por-
phyrin unit@s Q bands at excitation wavelengths of 514 and
568 nm. The photo-to-electrical energy conversion is linear
(Figure 3b) for all laser powers used in this study. Further-
more, it was observed that a range of cell biases (�200 to
�600 mV in aqueous solution, or �300 to 600 mV in aceto-
nitrile; see below) is needed to produce a photocurrent.[20]

This result is consistent with the passage of a photocurrent
that flows through the SAM from the gold to the platinum
electrode.

Finally, this nanoscale source of electrical energy was
utilized (Figure 4) to drive[6a,d,21] the dethreading of a pseu-
dorotaxane comprised of the cyclobis(paraquat-p-phenyl-
ene)(CBPQT4+) cyclophane complexed with 1,5-bis-[(2-hy-
droxyethoxy)ethoxy]naphthalene (BHEEN). For the de-
threading experiment, similar conditions were used as for
the photoelectrochemistry, except that MeCN was employed
as the solvent in order to solubilize the weakly fluorescent
pseudorotaxane and its intensely fluorescent dethreaded
component, namely BHEEN. At �100 mV, the BHEEN-
based fluorescence (Figure 4b) increases gradually when the
Triad generates an average photocurrent of 1.09 mAcm�2

(Figure 4c) in response to excitation at 413 nm. It was ob-
served that the population of the dethreaded BHEEN de-

Figure 2. The photoaction spectrum (&) of a SAM of the Triad, along
with the UV/Vis spectra of the Triad (c), as well as those of the
Triad’s building blocks (see Supporting Information); the P–C60 dyad
(c), a C60 derivative (a) and a TTF-diol (b). The photoaction
spectrum of the SAM of the Triad was collected using excitation from
a Kr-ion laser and an Ar-ion laser at 34�3 mWcm�2. The inset dis-
plays the CV of the Triad SAM on a gold wire recorded at 100, 300,
500, and 700 mVs�1 (Pt counter electrode, Ag pseudo-reference elec-
trode, 0.1m LiClO4, MeCN), which illustrates the linear dependence
of the current peak intensity with scan rate.

Figure 3. a) The photocurrent switching cycle of a Triad SAM (c),
recorded in a photoelectrochemical cell by gating 413 nm excitation
ON and OFF every 10 s after the current response has reached an
equilibrium value with polarization at �500 mV (0.1m Na2SO4, aerat-
ed). The bottom two traces were recorded under identical conditions
on a SAM of decanethiol (b) and on bare Au (a); b) A plot illus-
trating the linearity of the difference between the ON and OFF signals
in the photocurrent response (DI) with laser intensity, recorded under
the same conditions as those described in a).
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creases slowly (minutes) in the solution volume that was
sampled by emission spectroscopy.[22] The fluorescence spec-
tra of BHEEN were recorded before (inset i) and after (in-
set ii) the Triad SAM was irradiated with 413 nm light.

A simple calculation verifies that the total change in the
fluorescence of the solution (+3.36%) is consistent with the
degree of dethreading based[23] on an initial pseudorotaxane
concentration of 0.37 mm at equilibrium. Over the 1450 s of
the experiment, an average photocurrent of 1.09 mA gener-
ates 9.86D1015 electrons that, in turn, dethread[24] 3.44% of
the pseudorotaxane by reducing its CBPQT4+ ring to the
monoreduced CBPQT3+ C form. [25] The amount (3.44%) of
dethreaded BHEEN estimated for the photocurrent ob-

served in this experiment is consistent with the percentage
increase (3.36%) in the fluoresence intensity of BHEEN, as
measured at the end of the 413-nm excitation. The observed
increase in the steady-state population of the dethreaded
pseudorotaxane is a consequence of electron transfer from
the photoreduced C60C� unit to the CBPQT4+ ring—a result
that is ultimately related to the gated photocurrent (Fig-
ure 4c), concomitant with switching the 413 nm light ON
and OFF.

In summary, a TTF-P-C60 molecular Triad that forms a
SAM on gold-electrode surfaces generates a switchable pho-
tocurrent that serves as a basis for incorporating local nano-
meter-sized power supplies into molecular machines and, in
principle, other nanoscale systems. The photocurrent was re-
corded in both aqueous and organic solutions. The observed
photocurrent at 0 V in acetonitrile bodes well for optimizing
the system to obtain[26] a true photocell that can generate an
open-circuit photovoltage.
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