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A self-assembled monolayer (SAM) composed of a diakyl
compound carrying an N-ethylcarbazolyl (ECz) group and a
helical peptide carrying an anthryl (Ant) group was prepared on
gold. The photocurrent magnitude of the bicomponent SAM in
the presence of an electron acceptor was larger than that of the
unicomponent SAMs. The efficient photocurrent generation of
the bicomponent SAM is due to the integration of the photoen-
ergy-harvesting and electron-transport systems.

In the first stage of natural photosynthesis, facile energy
transfer among highly ordered chlorophyll arrays to a reaction
center at interior of the thylakoid membrane is the key factor for
the efficient photoenergy harvest.® In the previous study, we
have prepared monolayer? and bilayer membranes® of dialkyl-
type amphiphiles carrying an N-ethylcarbazolyl (ECz) group, and
showed that the membranes harvest photoenergy efficiently due
to energy migration among ECz groups at high density. The
membrane composed of the ECz containing dialkyl-type
amphiphile is therefore a good model for the artificial photoener-
gy-harvesting system due to the regular chromophore arrange-
ment in the membrane.

The helical peptide is considered to be a good mediator for
the electron-transfer with providing the pathway via through-
bond, through-hydrogen-bond, and through-space processes.*”
In addition, the electrostatic field generated by the dipole
moment of the helices may accelerate the electron transfer.? We
have previously reported that in the self-assembled monolayer
(SAM) composed of o-helical peptides, the photocurrent genera-
tion was actualy accelerated by the dipole moment of helical
peptide.® We report here a novel molecular assembly system for
photocurrent generation by integrating a photoenergy-harvesting
system composed of a dialkyl-type compound carrying an ECz
group and an electron-transport system composed of a helical
peptide carrying an anthryl (Ant) group.
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ECz-C11-SS is a didkyl-type compound carrying an ECz
group and a disulfide group at the each terminal of the mole-
cule. A sequence of aternating L-alanine (Ala) and o-amino-

isobutyric acid (Aib) was designed because of its high preference
for adopting ahelica structure.’® Ant-A12-SSis atridecapeptide
carrying an Ant group at the N-terminal and a disulfide group at
the C-terminal. The synthesis of ECz-C11-SS was described in
the literature and Ant-A12-SS was synthesized by the method
similarly to the formerly reported compound, ECz-A12-SS.° In
the bicomponent SAM of ECz-C11-SS and Ant-A12-SS, photo-
excitation of an ECz group will initiate energy migration among
ECz groups, and energy transfer from the excited ECz group to
the neighboring Ant group. The tilt angles of molecular axis
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from the surface normal are considered to be 30° for ECz-C11-
SS from the literature!* and about 45° for Ant-A12-SS from the
FTIR reflection-absorption spectroscopy measurement of the
Ant-A12-SS SAM. The excited anthryl group, then, reduces an
electron acceptor in an aqueous phase, followed by electron
donation from gold to the oxidized Ant group. The electron
donation from gold is expected to be accelerated by the dipole
moment directing toward an aqueous phase.

The SAM preparation and the characterization of the sur-
faces of the SAMs were carried out by the methods reported pre-
viously.® The surface coverages of the SAMs of ECz-C11-SS
and Ant-A12-SS were estimated by quartz crystal microbalance
measurements to be 0.345 and 0.090 nmol/cm?, respectively.
The corresponding molecular areas were 48.1 and 184 A2/mole-
cule, respectively. The molecular area of ECz-C11-SSon gold is
nearly twice the molecular area of a single-chain n- akanethiol
(22 AZmolecule).** The high density of the ECz group in the
ECz-C11-SS SAM s suitable for an efficient photoenergy-har-
vesting system. On the other hand, the molecular area of the
Ant-A12-SS SAM is much larger than the expected value from
the calculation under assumption of hexagona packing of helical
peptide (146 A2/molecule). Thisfact may arise from unfavorable
repulsion between the dipole moment of the helical peptide and
the dipole moment of an AS-Au linkage (S-Au*) opposing the
helix diplole moment.22 The Ant-A12-SS SAM is thus consid-
ered to possess some defects.

The SAMs were investigated by cylcic voltammetry in an
aqueous K,[Fe(CN),] solution. With the exception of the Ant-
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A12-SS SAM, the voltammograms of the ECz-C11-SS SAM and
all the bicomponent SAMs (ECz-C11-SS and 4.3, 7.3, and 12.2
mol% of Ant-A12-SS) showed no redox activity, indicating that
these SAMs formed a well-packed structure to exhibit an insulat-
ing property. It was thus considered that the alkyl-type compound
forms a good matrix for the helical peptide being incorporated
regularly to produce no structural defects with respect to the cyclic
voltammetry. On the other hand, redox peaks of the ferricyanide
ion observed in the Ant-A12-SS SAM indicated that this mono-
layer possesses defects where the electrolyte can diffuse in. This
result agrees with the QCM observation. Even though phase sep-
aration might be occurred in the bicomponent SAMs, the degree
should not be significant, because they showed a good insulating
property as described above.

Photocurrent generation by the single component SAMs was
investigated in an aqueous nicotinamide adenine dinucleotide
phosphate (NADP) solution. The experimental procedure for pho-
tocurrent generation is described in the literature.® NADP was
chosen as an acceptor of large size to prevent the diffusion of
acceptor through the defects in the Ant-A12-SS SAM. Upon pho-
toexcitation of the ECz or Ant group, electron transfer from the
excited chromophore to the electron acceptor NADP, followed by
electron donation from gold to the oxidized chromophore (the radi-
cal cation of an ECz or Ant group). The reduced NADP diffuses
to the auxiliary electrode and transfers an electron, resulting in the
generation of a cathodic photocurrent. The photocurrents were
0.091 + 0.002 and 0.054 + 0.002 nA for the ECz-C11-SS and Ant-
Al12-SS SAM, respectively. The large photocurrent was observed
in the ECz-C11-SS SAM because of the high density of the ECz
group. Since the density of the chromophore (ECz or Ant group) is
not the same in the two SAMs, the quantum efficiencies of the
photocurrent generation (the number of electron flowed upon pho-
toirradiation / the number of photon absorbed by the chro-
mophores) were calculated for comparison. The quantum efficien-
cies are 0.25% and 0.38% for the ECz-C11-SS and Ant-A12-SS
SAM, respectively. The higher efficiency in the Ant-A12-SS
SAM may arise from the dipole effect or the mediation of the elec-
tron transfer by the helical peptide.

The bicomponent SAMs integrating the photoenergy-har-
vesting system (ECz-C11-SS) and the electron-transport system
(Ant-A12-SS) were investigated. The mole percentages of Ant-
Al12-SS in the bicomponent SAMs were determined from the
action spectra of the photocurrent generation (Figure 1) as fol-
lows. The action spectra of the bicomponent SAMs showed
both contributions of the ECz group around 335-350 nm and
the Ant group around 350-390 nm. Under assumption that the
photocurrents are proportional to the product of the surface den-
sity of the chromophores (ECz or Ant group) and the molar
absorptivities of the chromophores, the mole percentages of
Ant-A12-SS against ECz-C11-SS on gold can be calculated
from the magnitudes of photocurrents at 351 nm in the ECz-
C11-SS SAM and those at 391 nm in the bicomponent SAMs.
The percentages of Ant-A12-SS in the bicomponent SAMs are
4.3, 7.3, and 12.2 mol%, respectively, but these values are at
most because of the assumption of equal quantum efficiency
between the Ant and ECz groups and the real percentages should
be lower. All the photocurrents in the bicomponent SAMs are
larger than that in the unicomponent SAM of ECz-C11-SS or
Ant-A12-SS. Especially, the bicomponent SAM containing 7.3
mol% Ant-A12-SS showed 1.5 fold larger photocurrent than the
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Figure 1. Photocurrent action spectra (a) and photocurrent at 351 nm (b) of
the ECz-C11-SS and Ant-A12-SS SAMs and their bicomponent SAMs. The
mol% of Ant-A12-SS with respect to ECz C11-SS are indicated.

ECz-C11-SS SAM. Without energy transfer from the ECz group
to the anthryl group and the mediation of electron transfer by the
helical peptides, the photocurrents of the bicomponent SAMs
would be less than that of the ECz-C11-SS SAM. Therefore, the
enhanced photocurrents in the bicomponent SAMs should be due
to the integrated effect of the photoenergy-harvesting and elec-
tron-transport systems described above. The decreased photocur-
rents with more than 7.3 mol% Ant-A12-SS may be due to the
increase of some defects which hinder energy migration among
the ECz groups. We have previously reported that via efficient
energy migration among ECz groups, about 70% of photoenergy
of the ECz group was transferred to the Ant group in the bilayer
membrane composed of an ECz-containing amphiphile and an
Ant-containing amphiphile (3 mol%), where the distance
between the neighboring ECz groups was 9.2 A3 The distance
between the neighboring ECz groups in the present SAM is cal-
culated to be 7.5 A, which is shorter than that in the bilayer mem-
brane. Therefore, the photoenergy of the ECz group should be
transferred quantitatively to the Ant group. The 1.5-fold enlarge-
ment of the photocurrent observed in the bicomponent SAM with
7.3 mol% Ant-A12-SS is explainable in consideration of the
quantitative energy transfer and the quantum yields of the pho-
tocurrent generation in the unicomponent SAMs (0.25% for ECz-
C11-SS, 0.38% for Ant-A12-SS).

References

1 T. Forster, "Comprehensive Biochemistry," Elsevier Amsterdam
(1967), Vol. 22.

2 T. Morita, S. Kimura, and Y. Imanishi, Langmuir, 14, 171 (1998).

3 T. Morita, S. Kimura, and Y. Imanishi, J. Am. Chem. Soc., 121, 581
(1999).

4 "Protein Structure: Molecular and Electronic Reactivity," ed. by R.
Awustin, E. Buhks, D. Chance, D. DeVault, P. L. Dutton, H. Frauenfelder,
and V. I. Gol'denskii, Springer-Verlag, New York (1987).

5 D. N. Beratan, J. N. Onuchic, J. R. Winkler, and H. B. Gray, Science,
258, 1740 (1992).

6 S.S. Isied, M. Y. Ogawa, and J. F. Wishart, J. Phys. Chem,, 97, 11456

(1993).

H. B. Gray and J. R. Winkler, J. Electroanal. Chem., 438, 43 (1997).

E. Galoppini and M. A. Fox, J. Am. Chem. Soc., 118, 2299 (1996).

T. Morita, S. Kimura, S. Kobayashi, and Y. Imanishi, J. Am. Chem.

Soc., 122, 2850 (2000).

10 K. Otoda, Y. Kitagawa, S. Kimura, and Y. Imanishi, Biopolymers, 33,
1337 (1993).

11 L. Strong and G. M. Whitesides, Langmuir, 4, 546 (1988).

12 R.G. Nuzzo, F. A. Fusco, and D. L. Allara, J. Am. Chem. Soc., 109,
2358 (1987).

© o~



