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For realization of molecular electronics, the first task is to develop (2 i)
individual molecular electric modulés? the second task is to e )
control the operation of molecular modules in response to external f\rw+—— e
stimuli;>=8 and the final task is to integrate multiple molecular
components into an ordered structure where each component works cathadic & ot :/

independently or cooperatively. Self-assembled monolayers (SAMs),
formed by a covalent linkage between a molecule and a metal
surface, have attracted much attention as highly ordered molecular ~ cooH
systems with specific functiorfs? and electron-transfer reactions anodic & f.\-
through SAMs have been well establisiHéd? As a representative . : "/1\
function of SAMs, photocurrent generation has been extensively : S Teon
investigated34In a previous study, we succeeded in reversibly B o
SWItChmg. the photocurrent dlre.ctlon. bgtween anodic and cathodic Figure 1. Chemical structure of ECZCOOH and schematic illustration for
by choosing the wavelength of irradiation on a SAM composed of gyjitching of photocurrent direction by pH change of solution in the self-
two kinds of helical peptides carrying different sensitizers with assembled monolayer composed of the ECZCOOH molecules.
opposite directions of dipole momefitin the present study, we
report another novel molecular system where photocurrent direction PH; that is, the photocurrent direction can be switched by changing
can be reversibly switched between anodic and cathodic by the pH of the solution (Figure 1).
changing the pH of the solution. The details of the synthesis are available in the Supporting
A 16mer helical peptide composed of an alternating sequence Information. ECZCOOH was obtained by hydrolysis of ethyl ester-
of L-leucine andu-aminoisobutyric acid® with a disulfide group ~ capped ECzZCOOEE, which was used as a control peptide, and
at the N-terminal and.-3-(3-N-ethylcarbazolyl)alanine at the their a-helical conformation in solution was confirmed by CQ
C-terminal, is used in this study (ECZCOOH; Figure 1). When the SPectroscopy. A gold substrate was immersed into the peptide
peptide is immobilized on gold at the N-terminal by a gefilfur ;olutlons to prepare t_he re_spectlve SAMs. First, to obtam_mforma—
linkage, it forms a highly ordered SAM with vertical orientatitré tion on molecular orientation, the monolayers were subjected to
locating the C-terminalN-ethylcarbazolyl (ECZ) group and a infrared reflection-absorption spectroscopy. Amlde | a.md. Il pands
carboxyl group at the monolayer surface. Upon immersion of the appeared at around 1675 and 1545 émespectively, indicating

monolayer into an aqueous solution, the carboxyl group exists asthat a-helical conformgtlon is retained on the substFitEhe il
. angles of the helix axis from the surface normal were calculated
a protonated or carboxylate form, depending on the pH of the

solution. It has been reported that the dipole moment of a helical on the basis of the amide I/amide Il absorbance ratios to be 28.6
' P P and 29.2 for the ECZCOOH and ECzCOOEt SAMs, respectively.

This indicates that both helical peptides take vertical orientation
o . . .. on the surface. The tilt angle in the ECZCOOH SAM did not change
photoexcitation of the ECz group in an aqueous solution containing after soaking imt a 1 N NaOH solution upon conversion to a

an electron donor at low pH, anodic photocurrent generation will carboxylate form. Further, the well-packed nature of both mono-
be promoted due to photoinduced electron transfer from the donorIayers was confirmed by cyclic voltammetry in an aqueou&-

to gold according to its dipole direction. At high pH, the terminal (CN)g] solution, and the packing of the ECZCOOH monolayer was
carboxyl group will dissociate into anionic carboxylate and the . affected by the solution pH (see Supporting Information).
anodic photocurrent generation should be further promoted, because  ppotocurrent generation experiments were carried out at an
the extra negative charge at the C-terminal should enhance thegpplied potential D0 V in an agueous solution containing an
electric field by the original peptide dipole moment. Meanwhile, electron donor, triethanolamine, at pH 10. All applied potentials
when negative potentials are applied on gold in the presence of anare referred to the reference electrode used in this study, Ag/AgCl/3
electron acceptor in solution, the opposite cathodic photocurrent \j NaCl. The supporting electrolyte was a 0.1 MJS&, aqueous
generation should be observed. The cathodic photocurrent generaso|ytion. Both SAMs generated an anodic photocurrent upon
tion obtained using this peptide will be more easily attained at low jrradiation by 351 nm light (see Supporting Information). The action
pH than at high pH because the direction of electron transfer is spectra of photocurrent generation agreed well with the absorption
opposite to that of the dipole moment. Under suitable conditions, spectrum of the peptide in solution, indicating that the ECz group
therefore, the peptide monolayer is expected to hold anodic sensitizes photoinduced electron transfer from triethanolamine to
photocurrent generation due to its carboxylate-enhanced electricgold to generate the anodic photocurrent. Noticeably, the photo-
field at high pH, while it generates a cathodic photocurrent at low current generated by the ECzZCOOH SAM was about 3 times larger

‘gold substrate

electric field generated by the dipole momé Therefore, with
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anodic photocurrent at pH 10, while it generated an opposite
cathodic photocurrent at pH 3.4. This switching behavior in the
direction of photocurrent generation was reversible. On the other
hand, the ECzCOOEt SAM did not generate a clear anodic
photocurrent at pH 10, even though it generated a cathodic
P photocurrent comparable to that generated by the ECZCOOH SAM

0 T"'. | | | | at pH 3.4. This prominent difference at high pH and resemblance
2 4 6 8 10 at low pH between the two SAMs are consistent with the result

pH obtained without an acceptor (Figure 2). It is thus concluded that

Figure 2. Dependence of anodic photocurrents on the pH of the solution We ECZzCOOH SAM shows photocurrent switching in response to

containing triethanolamine, for the ECzCOOH SAM, (solid line) and - .
the EC2COOEt SAM @, solid line), and the difference curve for the pH due to the change of the electric field accompanied by a change

ECzCOOH SAM obtained by subtraction of the curve of the ECzCOOEt Of the dissociation state of the carboxyl group.
SAM from that of the ECZCOOH SAM&, dashed line). The applied In conclusion, a highly ordered SAM was prepared on gold where

potential was 0 V. an ECz group and a carboxyl group are located at the monolayer
surface, and the switching of photocurrent direction by changing
i B S, the dissociation state of the terminal carboxyl group by changing

pH 3.4
m the pH of the solution was successfully demonstrated.
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Figure 3. Switching of photocurrent direction by pH change in the peptide Supporting Information Available: Details of the synthesis,
SAM in a mixed aqueous solution containing triethanolamine and methyl sample preparation, and measurements. This material is available free
viologen (50 mM). The respective curves at different pHs were collected ¢ charge via the Internet at http:/pubs.acs.org.

separately and the data combined afterward.
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