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Electron Hopping over 100 A Along an o Helix**

Yoko Arikuma, Hidenori Nakayama, Tomoyuki Morita, and Shunsaku Kimura*

Electron transfer through biomolecules has been of great
interest for the understanding of energy conversion and mass
transduction in nature and for the development of molecular-
based electronics."™ In particular, the electron transfer in
electron-transport proteins has been widely studied by
spectroscopies with engineered proteins”'*'* and by electro-
chemistry with proteins immobilized on a metal surface.['>'!
More specifically, the electron transfer through a helices has
attracted much attention because their parallel assemblies are
a universal motif found in biological electron-transfer sys-
tems, and the helices are considered to play important roles in
long-range electron transfer in proteins. Therefore, the
electron transfer through model helical peptides has been
extensively studied by various techniques in solution™!”! and
on metal surfaces.'*?

These studies have revealed interesting features: 1) a
helical peptide is a good mediator of electron tunneling!'”->"
compared to hydrocarbon chains;®!2) the helix macrodipole
accelerates the electron transfer, as demonstrated in solu-
tion®! and on a metal surface;®! and 3) at longer distances
beyond a critical molecular length, the electron-transfer
mechanism switches from simple electron tunneling to
another mechanism characterized by a very shallow distance
dependence.?®?" For the last feature, two mechanisms have
been proposed: a hopping mechanism with the amide groups
as hopping sites"®?! and molecular dynamics-associated
electron tunneling.'” Efficient hole hopping along bases in
DNAs has been generally recognized.™! Electron transfer
through peptide nucleic acids (PNAs) has also been inves-
tigated®'! and the contribution of a hopping mechanism has
been proposed.”!”) On the other hand, despite of a lot of
studies, the hopping contribution in peptide electron transfer
still remains a matter of debate.”**’)

In this study, we prepared well-defined self-assembled
monolayers (SAMs)P**! on gold from helical peptides of
different lengths from 8 mer to 64 mer, and studied the
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electron transfer through the helices electrochemically. We
observed nonexponential distance dependence and high
activation energies of the electron transfer, which suggest a
hopping mechanism with the amide groups as hopping sites.
This suggestion has been successfully validated by in-depth
calculations taking tunneling and hopping into consideration.
Importantly, the 64-mer helical peptide provides an electron
path of over 100 A along the helix and a regular monolayer of
approximately 80 A in thickness, in which electrons are
exchanged at a significant rate constant of 0.5 s™" for electron
transfer through dielectric organic materials.

SAMs of redox-terminated helical peptides have been
employed as ideal model systems to study the electron
transfer through helical peptides.81%2227:3+361 We synthesized
8-, 16-, 32-, 48-, and 64-mer helical peptides carrying a lipoic
acid for the linker to gold at the N terminus and a redox-
active ferrocene unit at the C terminus (A8, A16, A32, A48,
A64, respectively; Figure 1). The helix segment has an

O

CH, H re

«~—30A— 5
21 AJ“““W* W'
38 A
A ATV -, A32 (n=16)
62 A 5

A1 WA A48 (1=24)
86 A

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1M0A

Figure 1. Chemical structures and schematic illustration of the helical
peptides. The helices are expressed in a ribbon representation and the
other atoms are shown in a ball-and-stick format: C gray; N blue; O
red; S yellow; Fe purple.

alternating sequence of L-alanine (Ala) and o-aminoisobuty-
ric acid (Aib). The respective peptides were synthesized by
the liquid-phase method, and their helical conformation was
confirmed by circular dichroism (CD) spectroscopy in
solution (see Figure S1 in the Supporting Information).
Each peptide was immobilized on a gold surface through a
gold—sulfur linkage to form a SAM by immersion of a gold
substrate into the peptide solution.

First, we examined the molecular orientation by infrared
reflection—absorption spectroscopy (IRRAS). The represen-
tative spectra are shown in Figure 2a. Amide I and II bands
are observed at 1680-1670 and around 1540 cm™', respec-
tively. The tilt angles of the helices from the surface normal
(Figure 2a) were determined by comparing the experimental
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Figure 2. Results of IRRAS and electrochemical studies. a) Representa-
tive IRRAS spectra with the tilt angles in parentheses. The spectra are:
A8 red, A16 orange, A32 green, A48 blue, and A64 purple. b) Cyclic
voltammograms measured in aqueous 1M HCIO, at a scan rate of

0.1 Vs~ c) Plot of absolute impedance versus frequency; the colored
filled circles are the experimental data and the solid lines are the fitting
curves. Inset: an equivalent circuit used for the analysis of the EIS
results. CPE: constant-phase element. d) Plot of phase versus fre-
quency with the fitting curves (solid lines).

spectra with simulated spectra®” (Figure S2 in the Supporting
Information). The tilt angles show that the helices become
more vertical as the chain is elongated. This finding can be
explained by stronger intermolecular interactions among the
longer helices, which result in a more vertical orientation.*”!
The experimental results for the monolayer thicknesses and
the surface densities are consistent with the calculated results
on the basis of the tilt angles (Table 1), thus indicating that the
peptides form a well-packed monolayer with homogeneous
orientation. To the best of our knowledge, the A64 SAM has a
component of the highest and uniform molecular weight
(5458.28 gmol ') and the largest thickness (77 A) among the
well-defined monolayers ever prepared. Blocking experi-
ments in a ferrocyanide solution confirmed the well-packed
property of the monolayers (Figure S3 in the Supporting
Information).

Table 1: Summary of this work.

Angewandte

To study the electron transfer from the ferrocene unit to
gold, we performed cyclic voltammetry (CV) in a HCIO,
aqueous solution (Figure 2b). In all the SAMs, reversible
redox peaks of ferrocenium/ferrocene are clearly observed,
surprisingly even in the A64 SAM, thus showing that an
electron is exchanged between the ferrocene unit and gold.
The formal potentials are about 0.45 V in all the SAMs. The
large peak separation in the cyclic voltammogram of the A64
SAM indicates that the electron transfer is on a comparable
timescale to the scan rate (0.1 Vs™). Notably, an electron is
transferred from the ferrocene unit to gold over 100 A along
the helix at a timescale of subseconds.

Next, we carried out electrochemical impedance spec-
troscopy (EIS) at 0.45 V to determine the standard electron-
transfer rate constants (k.’). The results are presented in
Figure 2c and d in the form of Bode plots. The results were
analyzed with an equivalent circuit™ (inset in Figure 2¢) to
determine the k.’ values (Table 1). Figure 3a shows the
semilog plot of k.’ versus the ellipsometry thickness. The
nonlinear relationship in the semilog plot clearly indicates
that the electron transfer through these helices is not
governed by conventional electron tunneling, which should
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Figure 3. Distance dependence of k.’ on the monolayer thickness.
a) Plot of the common logarithm of k., versus the monolayer thick-
ness determined by ellipsometry. The colored filled circles are the
experimental data, the dotted line is the reference curve of electron
tunneling with a decay constant of 0.6 A", and the solid line shows
the result of calculations upon taking the tunneling and hopping
mechanisms into consideration. b) Plot of the inverse of the square
root of k. versus the ellipsometry thickness. The dashed line is the
linear fit and the solid line shows the result of calculations upon
taking the tunneling and hopping mechanisms into consideration.

SAM A8 Al6 A32 A48 Ab4

tilt anglel [°] 49.4+1.6 43.7+0.8 35.0+3.1 26.2+2.4 23.1+£13
calculated monolayer thickness® [A] 10.4+0.3 17.4+£0.2 39.3£1.5 64.6+1.4 88.3+0.9
experimental monolayer thickness! [A] 11.7+1.3 24.9+0.2 38.4+2.6 50.9+4.6 77.1+£24
calculated surface density® (x107"") [molcm™2] 14.0+0.4 11.9+0.2 13.540.5 14.840.3 15.240.2
experimental surface density (x107"") [molcm™| 17.3£2.0 15.1£3.9 13.5+0.6 11.1£1.6 10.2+£2.1
experimental k. at 298 Kl [s7] 1725 +£475 71.54+3.6 5.43+1.13 1.2840.59 0.45+0.15
calculated ko’ (Knop + Keun) at 298 K [s7] 899.76 195.36 11.39 1.77 0.58
calculated ky,, (hopping) at 298 K [s™] 887.73 195.26 11.39 1.77 0.58
calculated ky, (tunneling) at 298 K [s™] 12.02 0.10 55x10°¢ 3.1x107™ 1.7x10°%
experimental activation energy¥ [eV] 0.42+0.01 0.40-+0.01 0.360.03 0.45+0.11 0.51+£0.12
calculated activation energy [eV] 0.382 0.418 0.496 0.545 0.570

[a] Determined by IRRAS. [b] Calculated from the IRRAS tilt angles and helix lengths or cross-sectional areas. [c] Determined by ellipsometry.
[d] Estimated by integration of anodic peaks in the cyclic voltammograms after subtraction of the background current. [e] Determined by EIS.
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show a linear relationship with a slope of a)
the decay constant (). For reference, a
linear distance dependence of electron
tunneling is also shown as a dotted line in
Figure 3a with an assumption for 11! of
0.6 A", which is too steep to explain the
present data. On the other hand, in a
hopping mechanism, the rate constant is
inversely proportional to the square of the
distance if the energies of the hopping sites
are identical and hopping is reversible
about the direction.*!

Figure 3b shows the plot of the inverse
of the square root of k.’ versus the
distance. A roughly linear relationship
among the peptides used here is observed
(dashed line), further supporting our inter-
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pretation of the hopping mechanism for
electron transfer. We also determined the
activation energies by variable-tempera-
ture measurements (Figure S4 in the Sup-
porting Information, Table 1). If electron c)
tunneling is operative, the activation
energy is about 0.2eV, which is one
fourth of the reported reorganization
energy of a ferrocene moiety.”? The
observed activation energies that are sig-
nificantly larger than 0.2 eV also suggest a
contribution of the hopping mechanism to
the electron transfer. The plausible hop-
ping sites are the amide groups and it is likely that a hole hops
among the amide groups when taking the frontier-orbital
levels of an amide group into consideration, that is, the
HOMO of the amide is close to the Fermi level.’* Therefore,
an electron is first transferred from the N-terminal amide
group to gold to generate the cation radical of the amide
group, the cation radical hops among the amide groups to
reach the C terminus, and finally it is reduced by the ferrocene
unit, which completes the overall electron transfer from the
ferrocene unit to gold (Figure 4b).

To quantitatively discuss the results, calculations of k.
were carried out (see the Supporting Information for details).
k. is the sum of the rate constants of the electron tunneling
and the hopping mechanism. The rate constants of electron
tunneling were calculated by a formalism for interfacial
molecule-metal electron transfer.’”) On the other hand, the
rate constants for the hopping mechanism were determined as
follows. First, the electrostatic-potential profiles in the
monolayer and the stabilization energies of the amide
cation radicals from the image dipole formed inside the
metal were calculated. The oxidation potential of an amide
group in a peptide chain was determined by CV in dimethyl-
formamide (DMF; Figure S5 in the Supporting Information).
Solvent oxidation currents were properly subtracted in the
voltammograms. Three different peptide samples (Boc-(Ala-
Aib),-OBzl, Boc-(Ala-Aib),-OH, and Boc-(Ala-Aib)s-OBzl;
Boc =tert-butoxycarbonyl, Bzl=benzyl) showed similar
redox peaks, whereas Boc-Ala-OH without an amide group
did not show the peaks, thus indicating that the observed
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Figure 4. Calculation of k.’ in the A16 SAM. a) The A16 SAM. b) Results of the calculations
of electrostatic potential (¢), stabilization energy by image-dipole formation (¢), and the
oxidation potentials of the amide groups in the monolayer (E;, i=2-18). k; and ky,; are the
rate constants of forward and backward electron tunneling between the ith and (i+1)th sites,
respectively. c) Ratner’s formalism used for the calculation of k. by the hopping mechanism.

redox peaks originate from the oxidation of the amide groups.
The oxidation potential was determined to be 0.93 V versus
Ag/AgCl. This rather surprisingly low oxidation potential can
be explained by stabilization of the amide cation radical by
neighboring amide groups in a peptide chain,” delocaliza-
tion over a few amide groups, or more specific interactions
between neighbors, such as three-electron bond formation,
which has been recently proposed as a hole carrier in a
peptide chain.*”!

From this oxidation potential along with the electrostatic
potential and image-dipole stabilization energies, the amide
oxidation potentials in the SAMs were determined. A typical
example of the A16 SAM is depicted in Figure 4b. The dipole
moment of the helix was taken into account by locating partial
charges at the termini. From these oxidation potentials, the
rate constants of the respective electron-tunneling steps were
calculated by formalisms for inhomogeneous molecule—
metal®™ and homogeneous molecule-molecule®®” electron
transfer. The rate constant of hole transfer among the amide
groups was calculated to be on the order of 10'° s'. Finally, by
using these rate constants, the overall rate constants were
calculated by Ratner’s formalism®! (Figure 4c).

The calculated k. values are summarized in Table 1 and
the calculated curves are shown in Figure 3a and b as solid
lines. The calculations excellently reproduce the experimental
k. values. It is found that the hopping mechanism is
dominant in all the SAMs. Previously, we speculated that
electron tunneling prevailed in the 8-mer SAM simply
because of the relatively large decay constant,”” but the
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hopping mechanism is found here to be dominant even in the
8-mer SAM.

The activation energies (Table 1) are also calculated from
theoretical k. values at 298 and 323 K. They are consistent
with the experimental values, and are significantly larger than
those of the tunneling case. Reasonably, the activation
energies are found to correspond to the energy gaps between
the gold Fermi level and the oxidation potential of the amide
group, which shows the most positive value in the energy
diagram (Tables S1-S5 in the Supporting Information). The
good agreement of the theoretical and experimental data
indicates that the hopping mechanism is responsible for the
long-range electron transfer, and accordingly the electron
transfer is persistent over long distances with measurable
electron-transfer rate constants. Most importantly, an elec-
tron is transferred over 100 A along the 64-mer helical
peptide at a moderate rate constant of 0.5 s™!. To the best of
our knowledge, this is the longest-range electron transfer
through a molecule ever investigated with a rate constant
determined.

Molecular-dynamics-associated or conformational-gating
electron tunneling has been proposed to explain a shallow
distance dependence, in which a peptide chain thermally
fluctuates to reach an active conformer enabling efficient
electron tunneling."” However, it is unlikely that a helix
shrinks, bends, or tilts to a large extent to reduce the electron-
transfer distance down to an electron-tunneling range in a
well-packed monolayer, especially for the present long helices
with parallel arrangement. Therefore, a simple picture of
molecular dynamics with global motions cannot explain our
results. However, the conformational dynamics mechanism is
still a possible explanation, setting aside the quantitative
discussions on the rate constants, distance dependence, and
activation energies, if there is a fraction of helices that can
move freely near monolayer defects and whose ferrocene
moiety is oxidized by conformational-gating electron tunnel-
ing, and then the other ferrocene moieties of the surrounding
helices are oxidized through such active spots by hole
migration among the ferrocene moieties.

Recent theoretical studies have shown that thermal
structural fluctuations are important to dictate biological
long-range electron-transfer reactions,”**? not only for
superexchange mechanisms but also for charge-hopping
mechanisms. Actually, our group has observed the effect of
molecular motions on the electron transfer through long
helical peptides, and proposed that local motions of peptide
backbones promote hole hopping among the amide groups.”
It has been theoretically proposed that conformational
changes of a peptide chain facilitate hole hopping along the
chain by significant enhancement of the electronic coupling
and reduction of the activation energy.””’

This work has implications for biological electron transfer
and molecular-based electronics. Contributions of hopping
among side chains of aromatic amino acids in electron
transfer through model helical peptides™! and long-range
electron transfer in proteins”-'** have been demonstrated. In
these systems, the energy difference between the donor and
the neighboring hopping site is less than 0.1 eV. On the other
hand, in the present systems, the energy difference between
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the gold Fermi level and the oxidation potential of the
neighboring amide group is about 0.3 eV (Tables S1-S5 in the
Supporting Information). This larger energy difference causes
the shift of the crossover distance of tunneling and hopping to
a longer distance, which, however, turned out to be shorter
than the shortest 8-mer peptide in the present case. This work
also suggests that the intrinsic peptide backbone can serve as
stepping stones. Hopping among amide groups might be
involved in some long-range electron transfer if oxidation or
reduction of the amide groups is energetically available. For
application aspects, ferrocene-terminated helical-peptide
monolayers can be used as unique interfaces between
electron-transfer proteins and gold, in which the proteins
can be immobilized while retaining their natural structure,
and long-range electron communication between gold, ferro-
cene, and redox groups in the proteins is ensured. Such hybrid
molecular systems sound promising for efficient solar-energy
conversion, artificial catalysis, and biosensing.

Experimental Section

The helical peptides were synthesized by the liquid-phase method and
identified by "H NMR spectroscopy and mass spectrometry (FAB
and/or MALDI-TOF). Their purity was confirmed by HPLC to be
>98%. CD spectra of the peptides were measured on a CD
spectropolarimeter in trifluoroethanol at 0.8-1.7x107°M residue
concentration at room temperature. SAMs were prepared by
immersion of a gold substrate into solutions of the peptides in
ethanol (A8 and A16) or ethanol/chloroform (A32, A48, and A64) at
a concentration of approximately 1.0 x 10~*m for 24 h. IRRAS was
carried out on a Fourier transform infrared spectrometer with a
reflection attachment at room temperature at an 84° incident angle
from the surface normal. Ellipsometry was performed by an
autoellipsometer at room temperature with a 632.8 nm He—Ne laser
at a 65° incident angle, and the complex optical constant of the
monolayer was assumed to be 1.50+0.00i in the thickness calcula-
tions. CV and EIS in aqueous 1M HCIO, were performed by
voltammetric analyzers with a three-electrode system consisting of
the monolayer-modified gold substrate (working), Ag/AgCl in
aqueous NaCl (reference), and a platinum wire (counter). EIS was
carried out at 0.45 V with a dc voltage of 10 mV at frequencies from
10° to 107" or 10 Hz. CV of the peptide solutions (ca. 0.8 mgmL ")
was performed in a solution of 0.01m tetrabutylammonium hexa-
fluorophosphate in DMF with a gold disk electrode, Ag/Ag" in a 0.1m
tetrabutylammonium perchlorate solution in acetonitrile, and with a
platinum wire. Molecular modeling was performed on semiempirical
molecular orbital calculation software, and theoretical IRRAS
spectra and electron-transfer rate constants were calculated by
mathematical software. Full details of the experimental and theoret-
ical methods are given in the Supporting Information.
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