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We have developed a molecular-level switch—a Cgo/cyto-
chrome ¢ modified ITO electrode—that reversibly transmits
and processes solar energy.

Bioengineering of photovoltaic entities is a rapidly progressing
field of interdisciplinary interest, providing important information
about the integration of biomoleculesinto functional systems.t The
layer-by-layer technique emerged as a powerful technique towards
functional systems and photoactive electrodes due to a fine-tuned
interplay of interactions at the molecular level.2 In this work we
wish to describe a simple molecular-level switch—a Cgo/cyto-
chrome ¢ modified ITO electrode—that reversibly transmity/
processes solar energy.

The strategy involves the use of mitochondrial cytochrome c
(FeCytc), which is a polycationic redox protein. It plays a
dominating role asacharge carrier and/or charge mediator complex
in numerous biological® and synthetic systems.4 FeCytc is then
electrostatically linked to a negatively-charged dendritic fullerene
(CeoDF)—see Scheme 1.5 The function of the construct is given by
theredox activity of the protein’s heme group, that is, the Fell'Cytc/
FelCytc transformation.

Once Fe!'Cytc/CgoDF is deposited onto an ITO electrode, the
fullerene constitutes the primary electron acceptor (A1; CgoDF/
CeoDF—: —0.70 £ 0.05 V vs. SCE; 1*(CgoDF)/CgoDF—: +1.07 £
0.05V vs. SCE); it accepts the electron from the electron donating
FellCytc redox protein (D; Fe!'Cytc/Fel!!Cytc: +0.25 + 0.05 V vs.
SCE) and relays it to the electrode. In the current context the ITO
electrode serves as a secondary electron acceptor (Ay: —0.25V vs.
SCE)é that ultimately accumul ates and storesthe el ectrons. Scheme
1 underlines the aspect of a fine-tuned redox gradient in the
integrated donor—acceptor—acceptor (i.e., D-A;—A,) construct.

The stepwise assembly of substrate/CgoDF/Fe'! Cytc includes the
following sequence. First, deposition of the negatively-charged
dendritic fullerene necessitates a base layer of poly(dialyl-
dimethylammonium) chloride (PDDA), adsorbed onto the hydro-
philic substrate.t Mainly Coulombic forces, which arepH and ionic
strength sensitive, govern the physisorption process between the
opposite charged ions of PDDA and CgDF.5 Similar principles
apply then for implanting a layer of Fel''Cytc on top of the CeoDF
surface. The distinct absorption features of CgoDF (i.e., ~260 and
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Scheme 1 Electron transfer processes occurring in photoexcited 1TO/
CooDF/Fe'Cytc and structure of CeoDF.

T Electronic supplementary information (ESI) available: experimental
details. See http://www.rsc.org/suppdata/cc/b3/b310289k/
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330 nm) and Fe'!'Cytc (i.e., Soret- and Q-bands around 410 nm and
525 nm, respectively) facilitate their convenient detection—see
Supporting Information Fig. S1.

After completing each deposition step—PDDA, CgoDF, Fe'll-
Cytc—the surface structure was analyzed by AFM. While the
image of the PDDA base layer can be best described by afairly flat
surface with occasional pores—see Fig. 1,7 the visualization of the
dendritic CgoDF layer and subsequently the Fe'l'Cytc layer led to
different representations—see Fig. 1. Now, fine-grained structures
of CgoDF and Fe'''Cytc layers are clearly discernible. Fig. 1 shows
that in the case of the dendritic CgoDF, the surface coverage, that is,
characteristic 20-50 nm 2D nanoaggregates, amalgamates on a
macroscopic picture into a continuous film. Layers of FelllCytc
reveal, despite the amorphous nature of the protein matrix, asimilar
texture.

Repetition of the CqoDF/Fe!'Cytc sequencing |eads to substrate/
(CeoDF/FelICytc), where n could be as large as 10. To confirm the
regularities of the sequential sandwich packing we followed the
layer-by-layer build-up via absorption spectrophotometric and
ellipsometric means on quartz and silicon wafers, respectively.
Figures S2 and S3 illustrate that both variables, namely, CgoDF/
Fe!l'Cytc visible transitions and film thickness, gave rise to linear
dependences.8 We conclude we have achieved success in fabricat-
ing layered, closely-packed ITO-surfaces with tailorable absorp-
tion-cross sections throughout the visible region and, thus,
enhancing an efficient use of the solar spectrum. For example,
fairly high absorbances of up to 0.2 (i.e., Soret-band region) were
accomplished for the sandwich structures.

Linear sweep wave voltammetry performed with ITO/CgoDF/
Fe!'llCytc electrodes reveal ed, on the cathodic side, two distinct and
well-separated reduction steps.§8 Linear scan rate dependences
substantiated surface-based, thin-layer electrochemical processes
rather than diffusion controlled events. The Fel!'Cytc/Fe'!Cytc
redox process appeared first, at —0.25 + 0.05 V—Fig. $S4—
followed by the one-electron reduction of CgoDF/CgoDF— at
—0.70 £ 0.05 V—both potentials are given versus SCE. These
values are in excellent agreement with measurements conducted
with the individual constituents and confirm that both chromo-
phores sustain their redox characteristicsin the layered films. From
these redox potentials we estimate the energy of the CgoDF—/
Fe!llCytc charge-separated state as ~ 0.7 eV, sufficiently less
energetic than the photoexcited chromophores; > 1.80 eV.

Owing to the good conductivity that layered films of CgoDF
exhibit, we probed the electrochemical Fel!'Cytc/Fel'Cytc® proc-
esses as a function of ITO/(CgDF/Fe'Cytc), (n = 0-6). What is
most interesting is that we found a satisfying linear dependence of

Fig. 1 AFM images of (left) silicon/PDDA/CgoDF and (right) silicon/
PDDA/CgoDF/Fe!'Cytc (1 um X 1 um).
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the currents, which relate to the Fel''Cytc reduction, in films of up
to 4 sandwich layers. Beyond this point, however, the currentslevel
off and any further current increase is suppressed. The latter
observation is consistent with a strongly impacted connection
between the ITO electrode, on one end, and (Fe''Cytc)s or
(Fe'''Cytc)e, on the opposite end, in ITO/(CgoDF/Fe!'Cytc),.

The photocurrent generation of an ITO/CeoDF/Fe!'Cytc cell is
quite small—about 0.1 uA (Fig. 2)—a deficit that finds many
causes. Most importantly, the electron donating ability of Fe'l!Cytc,
that is, its one-electron oxidation to form presumably Fe'VCytc,
renders it an inappropriate choice for reducing CgoDF upon
illumination. This picture should change dramatically, once the
electrochemical reduction of the trivalent iron center is carried out.
In fact, after electrolyzing the ITO/CgoDF/Fe!''Cytc cell at —0.25
V, a potentia that leaves CqoDF as a primary electron acceptor
intact, a nearly 10-fold amplification of the photocurrent was
registered—see Fig. 2. The photocurrent was measured after the
completion of preparative electrolysis—5 minutes—without any
active bias potential on during the photocurrent measurements. The
designed gradient in the integrated | TO/CgoDF/Fe!!Cytc construct
ensures the efficient formation of CgoDF—/Fe!!!Cytc in the excited
device (i.e, singlet excited state) plus a thermodynamically
supported electron injection from CgoDF— into the secondary
electron acceptor, ITO.72 The photoaction spectrum—Fig. S5—
reveal sbroadening relative to the ITO/CgoDF/Fe!! Cytc ground state
features, indicating electronic interactions between the moieties. To
confirm the photocurrent results 1*CgoDF fluorescence experi-
ments were carried out, which indicate the presence and absence of
electron transfer quenching in * CgoDF/Fe!'Cytc and 1* CqoDF/
Fe'l'Cytc, respectively were conducted. Reversing the electrode’s
bias and to reoxidize the redox protein at +0.2 V led again to the
termination of the photocurrent, that is, reverting back to about 0.1
uA. Again, the photocurrents were recorded without any bias, but
after 5 minutes of preparative electrolysis. We would like to
emphasise that these switching features are completely reproduci-
ble: the photoel ectrochemical cell performance depends solely on
either a negative (i.e., switching ON via reducing Fe'''Cytc) or a
positive (i.e., switching OFF via oxidizing Fe''Cytc) bias, applied to
the electrode.

The above-mentioned electrochemical results point to fairly
good contacts between the ITO electrode, the ultimate electron
acceptor, and Fel'Cytc, the electron donor, situated in one of the
outermost layersfor nupto 4. Interestingly, the photocurrentsin the
corresponding ITO/(CgoDF/Fe!'Cytc), (n = 0-4) give rise to a
similar trend, that is, they are linearly dependent on the number of
layers (n) and, hereby, confirm the electrochemistry. Also,
intermolecular interactions within the individual layers, as evi-
denced by the broadening of the spectra, ensure good charge
migration/delocalization. The reversible ON/OFF switching re-
mains reproducible even in ITO/(CgoDF/Fe!'Cytc),.

In conclusion, specific integration of ITO, CeoDF and Fel!Cytc
building blocks yields an environmentally very stable molecular
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Fig. 2 Photocurrent of (CeoDF/Fe'Cytc)—filled circle—and (CgoDF/
FelllCytc)—open circle—assembled on I TO electrode. Experimental condi-
tions: deoxygenated aqueous solutions containing 0.1 M NaCl as supporting
electrolyte; either —0.25V or +0.2 V bias voltage is applied.
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switch. The function of the redox protein-based system, that is,
reversible switching between two defined states, is attained by
dtering the redox state of the iron center: applying different
electrochemical potentials switches the photoperformance ON
(Fel'Cytc) or OFF (Fe!''Cytc). A promising asset of our work is
that, for the first time, stacking donor—acceptor sandwich layers
(i.e., CeoDF/Fe'Cytc) helps to enhance the photosensitivity of the
switch nearly linearly with the absorption cross section of the
modified ITO electrodes.
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substrate into asolution of CeoDF at pH 7.6 for 40 minutes; (iv) rinsing with
water again for 1 minute; (v) dipping of the substrate with the CeoDF layer
into a solution of Fel''Cytc for 120 minutes; (vi) fina washing for 1 minute
with water.

§ Platinum auxiliary electrode; 1TO working electrode; 1 cm X 1 cm film
area; Xe-lamp — 500 mW output; 350 nm cut off filter.
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