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The helix-peptide dipole effect on single-molecule conductance was
analysed experimentally and theoretically with a single 8mer helical
peptide. The helical peptide was immobilized on a gold surface in two
opposite directions of the helix dipole. Single-molecule conductance of
the helical peptide was determined to be 2.4 x 10~° G, by scanning
tunneling microscopy (STM) break-junction measurements under the
condition of applied bias voltage parallel to the dipole, which was
about 1.2-fold larger than that in the anti-parallel direction. Theoretical
calculation also supports that the helix dipole influences the electron
transport reaction depending on parallel or anti-parallel orientation of
the dipole against the applied electric field.

Investigations on electric properties of a single organic molecule are
essential for development in the field of molecular electronics,
which utilizes molecules as modules of electrical devices. The
concept of a single molecule rectifier was proposed by Aviram and
Ratner in 1974." To date, studies on electron transfer through a
single organic molecule have been extensively carried out experi-
mentally and theoretically. We have focused our attention on helical
peptides because of their relatively high conductance over a long
distance,” regular molecular shape,® and large dipole moment.””

Single-molecule electric properties of peptides have been
investigated by mainly following two methods. One is scanning
tunneling spectroscopy (STS), which provides current-voltage
profiles to detect the bias-dependent property of molecular
conductance.'®'" The other is scanning tunneling microscopy
(STM) break-junction measurement, which evaluates single-
molecule conductance'® with properties of distance decay.'*™*
STS has the drawback of the asymmetric configuration of the
gap between the tip and one molecular terminal. On the other
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hand, the STM break-junction method has difficulty in immo-
bilization of molecules between electrodes with a determined
molecular orientation. These points still leave the discussions
on the molecular rectification of helical peptides vague, espe-
cially concerning the effect of the molecular dipole on the
molecular conductance.

In this work, we report electric properties of a single helical
peptide analysed by the STM break-junction method with a
symmetric configuration about the gold-peptide-gold junction
but under defined molecular direction. The peptides synthe-
sized here are 8mer helical peptides having an alternating
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Fig. 1 (A) Chemical structures of the helical peptides and (B) schematic
illustration of the STM break-junction measurements with the helical peptides
immobilized on gold substrate.
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sequence of Ala and o-aminoisobutyric acid (Aib) (Fig. 1A).
Aspargusic acid or its amine analogue was introduced either
at the N terminal or the C terminal, to immobilize the peptides
via two Au-S linkages. Importantly, in both cases two carbon
groups came to be inserted between the Au-S linkage and the
adjacent peptide bond. The opposite ends of the peptides were
connected with two thiol groups with suitable protecting
groups. Again, these linker parts are also designed to be
composed of two Au-S linkages, and two carbon groups inter-
vening between the Au-S linkage and the adjacent peptide
bond when these moieties are used to immobilize the peptides
in the junction (Fig. 1A).

Therefore, the two protected thiol groups and the disulfide
group were placed at the two terminals of the peptides.'® The
latter disulfide group was first used for immobilization of the
peptides to gold substrates. Subsequently, the two thiol groups
were deprotected to react with gold tips. With a series of these
processes, the peptides were immobilized in the junction with a
defined molecular orientation and a symmetric configuration,
Au—(S—(CH,)),~CH—(peptide bond)-(8mer peptide)-(peptide bond)-
CH-((CH,)-S),-Au (Fig. 1B).

Detailed characterizations of the self-assembled monolayers
(SAMs) of the peptides were carried out (ESIf). Using the
infrared reflection-absorption spectroscopy (IRRAS), both
peptides showed amide I absorption at around 1668 cm ™’
and amide II absorption at around 1536 cm ™', suggesting the
peptides take a helical conformation on the gold substrate.
Based on the absorbance ratios of amide I and amide II,*” the
tilt angles of the helix axis from the surface normal were
calculated to be 60° for the Ac-SA8S SAM and 45° for the
SA8S-TMSE SAM. The monolayer thicknesses estimated by
ellipsometry were consistent with the values calculated using
these tilt angles. The SA8S-TMSE SAM was confirmed to be
densely packed by cyclic voltammetry in an aqueous
K,[Fe(CN)¢] solution. On the other hand, the Ac-SA8S SAM
was loosely packed, which is in agreement with the large tilt
angle in the SAM. The negative dipole at the C terminal should
destabilize formation of the Au-S linkage where the thiol atom
bears a negative partial charge."®

The peptide monolayers were treated with a basic solution to
remove protecting groups.'® The gold STM tip was placed over a
large terrace with the peptide monolayer and moved toward the
monolayer surface to form a gold-peptide-gold junction.
Approximately 10000-20000 current-distance curves were
collected at a bias voltage of —0.1 V in toluene at several points
on the sample. These curves were categorized into three types:
curves of exponential distance decay corresponding to absence
of molecules in the junction (Fig. 2A right and B right), noisy
curves, and curves with step-like features which are proof of a
gold-peptide-gold junction formation (Fig. 2A left and B
left).’>?° The tip position was transferred to another large
terrace after data collections of about every 500 curves to avoid
influence of the thermal drift of the tip. The ratios of these
three types were about 60 : 30 : 10 for Ac-SA8S and 70 : 25 : 5
for SA8S-TMSE, showing that the curves of exponential distance
decay were mainly recorded.
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Fig. 2 (A, B) Current—distance curves and (C, D) conductance histograms of
peptides: (A, C) Ac-SA8S; (B, D) SA8S-TMSE.

The conductance histograms based on the approximately
1000 current-distance curves with step-like features are shown
in Fig. 2C and D. The histograms can be divided into two
regions of high and low conductance using 1 nS as a boundary
value. The peaks in the low conductance region are generally
attributed to different contact geometries about gold-sulfur
linkages. On the other hand, three peaks at 1.92, 4.18, and 6.46 nS
in the high conductance region of Ac-SA8S are assigned to
conductance of one, two, and three molecules in a junction,
respectively (Fig. 2C). A single molecule conductance of Ac-SA8S
is therefore determined to be 1.92 nS (2.4 x 10> G,, where G, =
2¢’/h (e is the electron charge and 4 the Planck constant)).
Similarly, the histogram for SA8S-TMSE shows integral multiple
peaks at 1.54, 2.99, and 4.66 nS in the high conductance region,
indicating single molecule conductance of 1.54 nS (2.0 x 10~ G,)
for SASS-TMSE (Fig. 2D). Either conductance is far larger than that
of octadecanedithiol having a similar molecular length (2.5 nm) at
4.0 x 1077 G, (calculated using the data in the literature'>*"),
but about 5-fold smaller than the 3mer of oligo(p-phenylene
ethynylene) dithiol of 1.3 x 10™* G,.** These relatively high
conductances of the helical peptides are consistent with the
previous report on the distance decay constant of electron transfer
rate along helical peptides of 0.32 A~*.2

Single-molecule conductance of Ac-SA8S is about 1.25-fold
larger than that of SA8S-TMSE. These conductances were
obtained with the negative bias where electrons flow from
substrates to tips. This flow direction coincides with the dipole
direction of Ac-SA8S and opposes to that of SA8S-TMSE.
Ac-SA8S and SA8S-TMSE are designed to have the same
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Fig. 3 (A) Current-voltage (/-V) curves of SAMs: (blue) Ac-SA8S; (red) SA8S-TMES.
(B) Molecular orbital energy spectra of SA8S applying voltages at the C terminal
and taking the N terminal as zero. (C) The energy-minimized conformation of the
peptide (bottom) and directions of the helix dipole and the positive electric field
applied to the peptide. (D) Frontier molecular orbitals of SA8S at zero bias.

(E) Molecular fragmentation energy diagrams in the molecular junction.

molecular structure after formation of the gold-peptide-gold
junction, as described before. The different conductance
between the two peptides are therefore considered as a result
of the dipole effect of the helical peptides on the electron flow.

Current-voltage (I-V) profiles of the two peptides were
obtained as average curves with the standard deviations based
on 500 I-V curves of each peptide (Fig. 3A). Weak rectification
behavior was observed with rectification ratios, R = |I(1.5)/
I(—1.5)|, of 0.76 and 1.2 for Ac-SA8S and SA8S-TMSE, respec-
tively. These values agree well with the single-molecule
conductance difference between the two peptides by STM
break-junction measurements, showing that the electron flow
along the dipole direction of the helical peptides is facilitated
by about 20%. When the I-V curve of Ac-SA8S is compared with
that of SA8S-TMSE in Fig. 3A, the current through SA8S-TMSE
with the positive bias was weaker than that through Ac-SASS,
which appears opposite to the dipole effect on the conductance
described above. However, this result is explainable by the fact
that monolayer thickness of Ac-SAS8S is thinner than that of
SA8S-TMSE (Table S1, ESIf). Previously, our study of redox-
active functionalized peptides showed that the electron transfer
in a helical peptide monolayer depended on the tilt angle of the
peptides.” The tilted orientation shortened the direct distance
for electron transfer. Further, an intermolecular electron
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transfer process via a few peptide molecules might be involved.
In these STS measurements, the tip was kept at the same
position on the monolayer, which was determined by the initial
set current, whereas in the STM break-junction measurements
the tip lifted up molecules. These factors should explain the
larger current of Ac-SA8S than SA8S-TMSE. Therefore, the data
in Fig. 3A should be examined with each molecule and not
between the two.

The two complementary experiments consistently show that
the helix dipole accelerates electron flow along the dipole
direction by about 20% that in the reversed arrangement of
the dipole and the electron flow. The degree of a few tens
percent is very low compared with those reported values of
about 3-fold acceleration along the helical peptides in
solution®® and on gold substrate.>® There may be several factors
to explain the differences in the acceleration effects of dipoles
between these experimental results, for example whether the
peptides were in solution or on gold. However, the method
adopted here is the most reliable for the evaluation of single-
molecule conductance, because the data were obtained strictly
with a single molecule under the defined molecular orientation
in the junction.

First-principle calculations were carried out to get more
insight of the external electric-field effect on orbital energies.
Fig. 3B shows changes of molecular orbitals energies under
applying bias voltage. When the electric field is applied to the
peptide molecule antiparallel to the dipole, the HOMO level
moves up and the LUMO level moves down (Fig. 3B, left). These
changes are easily explained by the localization of the HOMO
state at the C terminal and of the LUMO state at the N terminal
due to the dipole (Fig. 3D). The applied electric field from the
N terminal to the C terminal therefore destabilizes the HOMO
state to raise the orbital energy level. On the other hand, with
this electric field, the LUMO state lowers the orbital energy
level. In the case of the electric field applied parallel to the
dipole, the situation is reversed to widen the energy gap
between the HOMO state and the LUMO state (Fig. 3B, right).
Since the Fermi level of Au electrode is close to the HOMO
orbital energy level, electrons are considered to tunnel via
virtually using the HOMO orbital. The electronic coupling
between the Au electrode and the HOMO orbital localized at
the C terminal therefore becomes strong with the electric
field applied antiparallel to the dipole, which can explain the
rectification property of the peptides observed here.”®

The electron transfer distance is over 2 nm with the peptides,
meaning that the HOMO orbitals of the intervening amide
bonds should also contribute to the electron tunneling. To know
the energy diagrams including the peptide moieties, the peptide
is divided into four parts of linker-Ala, two tripeptides, and
Aib-linker, as shown in Fig. 3E. Molecular conformations of
the four parts were taken to be the energy-minimized conforma-
tion of the whole peptide calculated at zero bias voltage (Fig. 3C),
and the molecular orbitals of the four parts were calculated by
single point calculation. With a negative bias voltage applied to
the C terminal, the Au Fermi level of the right electrode in Fig. 3E
moves up and that of the left one moves down. On the other hand,
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the HOMO orbital energy levels move up under the electric field
applied antiparallel to the dipole (Fig. 3B left). The energy
diagram was compared with that from applying the opposite
bias voltage, and the electron coupling of the right Au electrode
with the HOMO orbitals of the four parts was evaluated (Fig. S4,
ESIf). Available HOMO orbitals between the two Fermi levels
for electron tunneling are larger with a negative bias voltage
applied to the C terminal than with a positive bias voltage,
which can explain consistently the present observations that
helix dipole affects electron transfer.

In summary, we have determined the single-molecule con-
ductance of 8mer helical peptides by the STM break-junction
measurements. Conductance of the helical peptide depends on
the electron flow direction from N terminal to C terminal or
from C terminal to N terminal due to the intrinsic dipole
moment along the helix. The electron flow along the dipole
moment was about 1.2-fold larger than the opposite direction.
Theoretical studies qualitatively explain the asymmetric mole-
cular conductance on the electron flow direction with respect to
the dipole direction.
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