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ABSTRACT: Many novel applications in bioelectronics rely on the
interaction between biomolecules and electronically conducting
substrates. However, crucial knowledge about the relation between
electronic transport via peptides and their amino-acid composition is
still absent. Here, we report results of electronic transport
measurements via several homopeptides as a function of their
structural properties and temperature. We demonstrate that the
conduction through the peptide depends on its length and
secondary structure as well as on the nature of the constituent
amino acid and charge of its residue. We support our experimental
observations with high-level electronic structure calculations and
suggest off-resonance tunneling as the dominant conduction
mechanism via extended peptides. Our findings indicate that both peptide composition and structure can affect the efficiency
of electronic transport across peptides.

■ INTRODUCTION

Understanding electronic conduction through biomolecules is
crucial for the design of bioelectronics applications. At the same
time, it is of great general interest to explore the electron
transfer (ET) through proteins, because of its biological
importance. While common methods to study ET probe
proteins by electrochemical or spectroscopic measurements,1−3

a solid-state molecular junction can be used to study the
conduction via a protein, placed between two electronically
conductive electrodes.4−7 In such a device, the electronic
transport (ETp) is measured without requiring redox activity of
a site within the examined molecule. Proteins are amino acid
polymers. Thus, investigating ETp across short constituent
peptides presents a necessary step toward understanding the
more complex ETp via proteins, while also providing a
possibility for introducing high-level electronic structure
computations. Sek8 and Long et al.9 reviewed experimental
efforts to investigate both ETp and ET via peptides,
respectively, in a systematic manner. Long et al. ended their
review with the question: ‘Can it be expected that ET processes
operate by the same mechanism in peptides of different amino
acid sequences and different secondary structures?’ This
question is fundamental for understanding both ET and ETp
processes, and the answer to it can shed light on the ET
pathways, and to improve the design of bioelectronics devices
of interest.
Juhaniewicz et al.10 took the first step toward answering the

above question in the solid state, by studying a junction
composed of a single amino acid (e.g., glycine, alanine, or

proline), linked by cystamine to electrodes. They observed
similar conduction for all examined amino acids. In the present
work, we take a further step toward answering the above
question, by investigating the conduction through a molecular
monolayer junction composed of homopeptides, consisting of n
repeating identical amino acids. Specifically, we examine three
fundamental structural variations: First, we use extended
homopeptides of similar length but varying side-chains, to
examine the effect of the amino acid composing the
homopeptide monolayer on transport. Second, we investigate
the role of the homopeptide’s length on ETp, by changing the
number of repeating units (i.e., of the amino acids). Third, we
compare peptide monolayer junctions with similar length and
side-chains but different secondary structure, by examining the
difference in transport efficiency between random-structured
and helical homopeptides. By this, we address the following
questions: Do peptides comprised of different amino acids
conduct differently? What is the transport mechanism via the
examined homopeptides? What is the role of secondary
structure of the peptide in its conduction?
Our investigation is based on measurements of the

conduction through a monolayer of homopeptides between
gold electrodes,11 as a function of bias voltage and temperature.
In addition we measured differential conductance and inelastic
electron tunneling spectra (IETS) of the junctions. The
experimental setup as well as the procedures for sample
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preparation are given in the Supporting Information (SI). To
assist in the interpretation of the experimental results, we use
molecular dynamics (MD) and density-functional theory
(DFT) simulations that suggest the structure of each examined
system. We further explore the gas-phase electronic structure of
the examined peptides, using optimally tuned range-separated
hybrid (OT-RSH)12 DFT calculations. These have recently
been shown to yield excellent gas-phase highest occupied
molecular orbital (HOMO) − lowest unoccupied molecular
orbital (LUMO) gaps13 as well as frontier energy levels and
outer-valence spectra.14−16 They therefore avoid the vanishing
gaps often encountered in standard DFT calculations of
proteins17,18 and other highly polar molecules19 (see SI for
computational details).

■ RESULTS

Conduction of Oligo-Homopeptide Monolayers As a
Function of Amino Acid. We first explored ETp through
homopeptide molecular junctions of constant length, while
changing the amino acid. Four different homopeptides were
investigated, each composed of seven identical amino acids:
alanine (Ala), tryptophan (Trp), glutamic acid (Glu), and
lysine (Lys). From the results of ellipsometry, infrared
spectroscopy, and MD calculations we deduce that all four
peptides adopted an extended random conformation, namely
their backbone was linearly stretched along the junction (see
Table 1 and Figures S1 and S2 in the SI). At the N-terminal of
each peptide, a mercaptopropionic acid (MPA) linker was
attached (see Scheme 1). The preparation of molecular
junctions was done as reported earlier11 and is also described
in the SI. The junction contact area was estimated to be ∼5000
nm2 and contained ∼5 × 103 peptides, except for the Ala ones,
where the upper bound is about an order of magnitude higher.

All monolayers were bound to a Au surface via a Au−S bond.
This was confirmed in situ (during ETp measurements), as
shown by their symmetric IETS peaks around 270 cm−1 (∼33.5
mV) which correspond to the Au−S vibrational mode (cf.
Figure 1a and Video S1 in the SI).20 While low vibrational
modes in peptides were observed by ultrafast optical
heterodyne-detected Raman-induced Kerr-effect spectrosco-
py,21 the 270 cm−1 peak position was identical for all the
peptides and reflects the commonly observed contribution of
the contact to the electrode, as reported also by others.22 In
addition to the distinct Au−S vibrational mode, two additional
IETS peaks were observed for all peptides. The additional
peaks correspond to C−H stretching vibrational modes, arising
mostly from the MPA linker, and to the side chains of the
investigated homopeptide (see Figure S3 for hepta-Trp as an
example). All four peptides had a similar length of 25 ± 2 Å,
long enough to allow formation of a sufficiently pinhole-free
monolayer and prevent direct current flow between the Au
electrodes, but sufficiently short to prevent them from adopting
a defined secondary structure. Figure 1b shows the resulting
current−voltage curves for junctions of the four peptides (see
Summary of Materials and Methods section for full
explanation), positioned between the Au substrate bottom
contact and a single Au nanorod serving as the top contact. A
marked difference in ETp is found between the different
peptide monolayers, with Trp being the best conductor,
followed by Lys and Glu (for both the residues were neutral)
and with Ala as the poorest conductor (GTrp > GLys ∼ GGlu >
GAla, at 7 K see Figure S3). The current−voltage plots indicate a
20-fold (GTrp/GAla) span in conduction via the different
homopeptides. These differences cannot be attributed to
differences in the density of peptide molecules in the
monolayer, assuming close packing (a density that can be
derived from their calculated footprint areas; cf. Table S1 in SI),
as then the order of conductances would be Ala > Glu ∼ Lys >
Trp, which is opposite to the order that is found
experimentally.
The computed gas-phase HOMO levels of the four examined

peptides, shown in Figure 1c, predict the HOMO energy of
hepta-Trp to be higher than that of all other examined peptides,
−7.4 eV. The HOMO levels of hepta-Ala, hepta-Glu, and
hepta-Lys are all at ∼−9 eV (see details in Table 1). It is
reasonable to assume a similar level of renormalization of the
frontier levels from the gas-phase to the solid-state23 for all
examined peptides, because the electrodes and thiol linker
groups are the same for the different peptides. For thiols, the
interface dipole is such that upon surface binding it shifts
occupied levels down in energy with respect to the Fermi
energy. This shift was shown to be of the order of 1 eV.24

Further changes are expected to occur due to dipole−dipole
interactions between the peptides in the monolayer, depending
on the sign and magnitude of the dipole.25 As the overall length
of the peptides is similar and as their dipoles are of the same
order of magnitude, we do not expect the dipole−dipole
interactions to change the observed trend. Altogether, the
difference between the gas-phase HOMO levels of the different
homopeptides can approximate the trends in the differences
between the solid-state HOMO levels of these peptides. (A
similar observation can be made for the LUMO levels; see SI
Figure S4). Following this assumption, our computations
predict a lower barrier height for hepta-Trp than for all other
peptides and can hence explain its higher conductance. The
reduced fundamental gap is also expressed by fitting our

Scheme 1. (Top) Hepta Homo-Peptide Model Systema and
(Bottom) SEM Scan of a Trapped Au Nanorod That Forms
the Mesoscopic Peptide Junction in a Au/Peptide/Au
Molecular Junction Configuration

aA mercaptopropionic acid was used to link the monolayer to a gold
substrate.
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conductance measurement to common theoretical models.26,27

From the Simmons model, using the β values that we extracted
from the length dependent conductance data (vide infra) or
from the Landauer model, we estimate the barrier height for
ETp via oligo-Trp to be ∼0.3−0.5 eV (see detailed calculation
in SI). We interpret this barrier height to reflect the difference
between the Fermi level of the gold electrodes and the nearest
peptide orbital energy, an issue that we are currently
investigating experimentally by comparing the gas phase results
to those from solid state (monolayer on Au surface) by UPS
experiments.

The calculated gas-phase HOMO levels of the (uncharged)
hepta-Ala, hepta-Lys, and hepta-Glu are very similar, which
seemingly disagrees with the experimental observations, from
which we would expect hepta-Lys and hepta-Glu to have a
considerably higher HOMO level than that of hepta-Ala. To
understand the relation between these results and those of the
experimental measurements, we turn to investigating the
corresponding orbitals of the gas-phase HOMO levels for
each one of the homopeptides, also shown in Figure 1c. While
the HOMO orbitals of Trp and Lys are highly localized on one
of the side-chains, the HOMO level of hepta-Glu is more

Figure 1. (a) IETS spectrum of a representative (protonated, i.e., uncharged hepta-Glu) Au/peptide/Au junction at 7 K, showing the Au−S
vibrational mode at 270 cm−1. (b) Comparison of current−voltage (I−V) characteristics via monolayers of hepta homopeptides of Trp, Lys, Glu, and
Ala. The residues of hepta-Lys and hepta-Glu are uncharged (c) The computed value of the HOMO energies for each of the gas-phase hepta-
peptides, along with their corresponding orbital densities. The computations were based on the geometries obtained from MD (cf. Figure S2 in the
SI). Here and throughout, grey lines represent carbon atoms, red, oxygen atoms, blue- nitrogen atoms, yellow, sulfur atoms, and cyan, hydrogen
atoms.

Table 1. Combined Experimental Observations with the Electronic Structure Gas Phase Calculations

peptide Hepta-Trp Hepta-Lys Hepta-Glu Hepta-Ala 20 mer Ala 20 mer Lys

thicknessa (Å)
(theoretical)

26 ± 2 (23.8) 25 ± 1.5 (25.8) 25 ± 2 (24.9) 24 ± 2 (27.2) 29 ± 2
(28.7)

30 ± 2
(33.7)

current at 0.1 V 9.2 ± 2.9 ×
10−10 A

(NH2) 3.0 ± 1.8 × 10−10A (NH3
+)

3 ± 1.5 × 10−9A
(COOH) 1.9 ± 1.0 × 10−10 A (COO−)

5.8 ± 2.6 × 10−11A
4.2 ± 1.0 ×

10−11 A
1.6 ± 0.2 ×

10−9 A
2.4 ± 0.7 ×

10−8 A
HOMO energy in

[eV]b
−7.4 −9.0 −8.9 −9.1c (−9.8) −6.6 −6.6

aMeasured (by ellipsometry) and calculated (edge to edge distance from MD simulations) thicknesses of the peptide monolayers, their
corresponding currents at 0.1 V (linear regime of the current-voltage plot), and calculated molecular orbital energies. bAll calculations are for
molecules in the gas phase. The estimated accuracy for the MO levels is ∼0.2 eV. cThe HOMO level of hepta-Ala is expected to hybridize with the
gold surface, making the HOMO-1 orbital at −9.8 eV the frontier MO.
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delocalized, on both the MPA group and a part of the peptide
backbone. For hepta-Ala, the HOMO is highly localized on the
MPA group. This may imply that upon adsorption, the hepta-
Ala HOMO will hybridize with the energy levels of the Au
surface,28,29 leaving the HOMO−1 and HOMO−2 orbitals,
located ∼0.7 eV lower in energy, to be the frontier molecular
orbitals relevant for transport. The expected energy barrier for
conductance would then indeed be lower for hepta-Lys and
hepta-Glu than for hepta-Ala.
So far, we have only considered uncharged peptides.

However, the NH2 and COOH groups on the Lys and Glu
residues, respectively, maybe protonated and deprotonated,
which can affect their electronic structure and, in turn, transport
properties. It is therefore interesting to explore the impact of
charging on both experimental and computational results.
Figure 2 shows the ETp results via protonated and

deprotonated hepta-Lys and hepta-Glu, respectively (see SI
for experimental details). ETp via the protonated, positively
charged hepta-Lys is the highest among all examined hepta-
peptides, while ETp via the deprotonated, negatively charged
hepta-Glu is comparable to that of hepta-Ala. This high
conductance of protonated Lys is consistent with the recent
theoretical investigation by Tarakeshwar et al.,30 which
predicted that the presence of one protonated Lys residue in
hepta-Ala (where one Ala residue is replaced by Lys) would
lead to an increase in conduction by nearly 3 orders of
magnitude.
We also performed calculations of the electronic structure of

these peptides, where three protons were added to side chains
2, 4, and 6 of the hepta-Lys (7LYS-3p) and three removed from
the same side-chains of hepta-Glu (7GLU-3dp). Note that in
these gas-phase calculations, counterions were not added. We
found that the energies of both occupied and unoccupied
electronic levels significantly decrease upon protonation (of
hepta-Lys) and increase upon deprotonation of (hepta-Glu), as
shown in Figure S5 in the SI. Judging by the level alignment
alone, this would indicate electron transport through the
LUMO, such that transport is enhanced when the level is
lowered and suppressed when it is raised. This is perhaps the
case for hepta-Lys, but it remains to be confirmed
experimentally. For hepta-Glu, current suppression upon
deprotonation may also be based on the high localization of
the HOMO at the deprotonated sites, which may impede
transport via a strong decrease of the coupling to the electrodes.
We stress, however, that in this case the computations are but a

model from which various qualitative scenarios can be gleaned,
as the counterionic environment may also play an important
role.

The Effect of Length on Electronic Transport via
Homopeptide Monolayers. To study the relation between
the length of the molecular junction and its conductance, we
measured the ETp through a homo-Trp molecular junction of
different lengths (see Scheme 2). Trp is known to be an

effective charge mediator in nature, and various examples exist
in the literature for its involvement in intra- and interprotein
charge transfer.31 Therefore, it can serve as a good benchmark
system for this study. Figure 3a shows the ETp as a function of
the peptide length, changed by varying the number of repeating
Trp units. While Trp monolayers generally facilitate high
conductance, the ETp rate decreased gradually with the
peptide’s length. This is expected, as the electrode separation
distance dictates conduction. A closer examination of the ETp
magnitude reveals that the currents’ dependence on the peptide
length is close to exponential (Figure 3b), which suggests
tunneling, with a tunneling barrier height that is independent of
peptide length. From this exponential dependence we
calculated a decay constant of β = 0.58 ± 0.06 Å−1. This
value is independent of temperature (Figure 3c). This behavior
may suggest off-resonance tunneling as the dominant
conduction mechanism. Such a mechanism can be operative
if the energy levels that affect ETp differ by several kT (where k
is the Boltzmann constant and T the absolute temperature)
from those of the electrodes’ Fermi levels. Our results are in
good agreement with previous solid-state ETp measurements
performed using conjugated molecules.32 The calculated value
of β = 0.58 ± 0.06 Å−1 is slightly smaller than that for the
commonly reported values of fully saturated molecules (0.8−1
Å−1)33 and higher than that for conjugated ones (0.2−0.6
Å−1).34,35 This is reasonable, given that the length decay
constant is a value that also depends on the energy levels of the
donor and acceptor, in our case, the Fermi level of the gold
substrate and gold nanorod electrodes.
Figure 4a shows the computed gas-phase eigenvalue spectra

of several extended homo-Trp with n =1, 4−7 and the
corresponding HOMO and LUMO orbitals. As a verification
for the accuracy of our computational method, the HOMO
value of −7.8 eV, calculated for a single Trp unit, agrees well
with previously reported experimental ultraviolet photo-
emission spectroscopy values for the ionization energy of a
single Trp amino-acid in the gas phase, ∼7.8−7.9 eV.37 Our
results show that the changes in the frontier energy levels with
peptide length, though not negligible, are relatively small (up to

Figure 2. Current−voltage plots of hepta-Lys and hepta-Glu in the
respective protonated and deprotonated states of their side chains.

Scheme 2. Oligo Homo-Trp Model System, Where n = 4−7a

aMercaptopropionic acid modification allowed oriented monolayer
formation on gold substrate.
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0.55 eV for the HOMO level and 0.8 eV for the unbound
LUMO level). This can explain the experimental observation
that indicates an exponential dependence of the current on
peptide length, with a tunneling barrier height for ETp that
does not change significantly with the length of homo-Trp.
The above finding may appear surprising at first glance, as it

is common to relate larger molecular systems with smaller
ionization potentials. To explain this, Figure 4a also shows the
HOMO orbital densities of the homo-Trp at different lengths.
These are localized on one of the aromatic indole side-chains,
typically on the one closest to the peptide C-terminus, but not
always. A similar localization occurs for the LUMO levels, but
for the peptide N-terminus. This side preference likely arises
from the molecular dipole orientation,18,19 pointing from the
N-terminus to the C-terminus. The fact that the orbitals are
highly localized explains the small difference between the
HOMO levels of the different Trp peptides, as the energies are
being determined by a very similar charge-distribution, almost
independent of peptide length. Still, one then has to explain
how efficient tunneling may proceed without effective charge
delocalization along the molecular bridge. In this specific case,
while the HOMO level is indeed very localized, the HOMO
band, namely the combination of the HOMO to HOMO−7
levels, is delocalized over the peptide (Figure 4b), as each of the
levels is localized on a different side-chain (and constitutes the
HOMO level of a specific single indole ring), and the sum of

these charge densities is delocalized over the entire molecule. A
similar observation was made by Wolak et al.38 for peptide
nucleic acids (PNA) on Au. However, it should be noted that if
the transport mechanism is tunneling, localized charge
distributions could still be considered, with lower efficiencies
than those obtainable with delocalized distributions.28

As mentioned above, upon shifting from the gas phase to a
solid-state monolayer that is adsorbed on a metal surface, two
main effects are expected to change the energy levels: First,
dipole−dipole interactions between the peptides can occur. It
has been shown19,25 that this dipole effect lowers the energy
gap and shifts the occupied (unoccupied) spectra to higher
(lower) energies. Second, as already mentioned above, if the
monolayer is bound to a Au surface, the molecular energy levels
are expected to further renormalize due to surface polarization
and shift caused by surface dipole effects.23 This latter effect is
not expected to be strongly dependent on the peptide length.
Therefore, we expect the energy barrier height, measured for
transport through a solid-state junction, to converge as the
number of Trp in the peptide increases. The same trend is
observed by comparing 4Ala with 7Ala (see Figure S6 in SI).

The Effect of Secondary Structure on Electronic
Transport via Homopeptide Monolayers. We studied the
effect of secondary structure by comparing the ETp via
monolayer junctions of extended and helical Ala and Lys
homopeptides. We compare ETp via the extended hepta-Ala

Figure 3. (a) Current−voltage plots of 4- to 7-mer homo-Trp monolayer junctions. (b) Plot of ln(current) at +0.1 V applied bias vs monolayer
thickness, the slope of which yields the length decay parameter, β = 0.58 ± 0.06 Å−1. (c) Current−voltage plots of hexa-Trp at 7K and 300 K. The
slight current increase with decreasing temperature maybe due to a lower defect density with decreasing temperature, as was found for alkyl chain
monolayers.36
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and hepta-Lys, examined above, to 20-mer Ala and 20-mer Lys
(neutral), which have a high propensity to form a helix. The
lengths of the 20-mer helices, as deduced from ellipsometry,
were 29−30 Å (see Table 1), i.e., ∼ 4 Å longer than the
respective extended hepta-peptides (see Table S1 in the SI for
estimated footprint areas of the 20mers). Nevertheless, Figure
5a shows that the observed conduction via the helices was not
smaller, as expected from length alone, but in fact was
substantially higher than via the extended peptides. Current−
voltage curves determined between 20 and 260 K show a weak
temperature dependence above ∼70 K (Figure 5b,c), in good
agreement with the ET observed by Chance and DeVault39

and, more recently, by some of us for solid-state conduction

across protein junctions.40 The calculated activation energies
(10−15 meV, 1−1.5 kJ/mol) are comparable to those, obtained
by us for transport via several mutants of (predominantly
helical) Cyt C, bound covalently to one of the contacting
electrodes,40 as is the case here for 20 Ala.
To try and rationalize the observed differences in

conductance caused by the change in secondary structure, we
computed the electronic energy levels of the Ala peptides in
different conformations. Figure 6 shows that the computed
frontier orbital energy levels of extended Ala with 1, 7, and 20
repeating units (denoted in the Figure as 1Ala, 7Ala, and 20Ala-
L, respectively) differ from each other only by up to 0.15 eV.
Like in the case of Trp, this is due to the highly localized nature

Figure 4. (a) Electronic structure calculations of an indole ring and an n-mer Trp in the gas phase, using DFT within the OT-RSH scheme. The
geometrical properties were obtained from MD simulations (see SI). HOMO and LUMO orbitals are designated in blue and red, respectively. (b)
Superposition of HOMO to HOMO−7 of hepta-Trp, indicating delocalization over the whole peptide within a relatively narrow range of ionization
energies of 0.6 eV, emphasized by the bottom energy scale, from the HOMO level around −7.4 eV until the HOMO−7 level at ∼−8 eV. The energy
values shown for the different orbitals are absolute (with the vacuum level = 0), with an estimated accuracy of ∼0.2 eV.
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of the charge distribution. The unbound LUMO levels show
the same similarity for the extended peptides. However, the
HOMO level of the helical 20-Ala (denoted as 20Ala-H) is 2.5
eV higher in energy than the HOMO levels of the extended 20
and 7Ala, and the LUMO level is lower by ∼2 eV and bound

(i.e., below the vacuum level). These observations suggest an
immediate connection between the ETp via a peptide and its
secondary structure, suggesting a much lower barrier height for
transport via the helical peptide.
An examination of the frontier orbitals, also shown in Figure

6, reveals a charge distribution that is more delocalized in the
helical structure than in the extended one. This result is in
agreement with previously reported calculations on helical
structures performed using conventional DFT hybrid func-
tionals.30,41,42

Combining the experimental observations with the electronic
structure gas phase calculations (summarized in Table 1) leads
us to suggest the following: Upon helix formation, a decrease
occurs in the HOMO−LUMO gap, compared to that of the
extended structure, and the charge is distributed over a larger
fraction of the molecule than in the case of extended peptides.
The empirical decay constant between the donor and acceptor
(also between two Au electrodes, as in this case) can be
formulated as43

β
δ

= −
Δ

⎛
⎝⎜

⎞
⎠⎟

h
E

2
ln bb

(1)

where hbb is the electronic coupling between adjacent units in
the bridge, δ is the length of the bridge elements (in our case
the different amino acids), and ΔE is the barrier height.
Therefore, we suggest that helical structures support long-range
electronic transport due to a lower barrier (ΔE) and possibly
also an increase in the electronic coupling (hbb) within the
peptide. This results from the more delocalized distribution of

Figure 5. (a) Comparison of current−voltage curves measured via homo-Ala and homo-Lys monolayers in an extended conformation (7-mer, 25 Å)
and a helical conformation (20-mer, 29 Å) at room temperature. (b) Current−voltage plots of 20-mer Ala from 20 to 260 K; (inset): circular
dichroism spectrum showing helical signature of the 20-mer Ala in a hexafluoro-2-propanol solution. (c) ln(current) as a function of temperature
(plotted as 1000/T) from (b), at selected biases.

Figure 6. Density of states, as a function of energy for different
configurations of the homo-Ala peptide, with different numbers of
repeating units and their secondary structure. HOMO and LUMO are
designated in blue and red, respectively. 20Ala-L and 20Ala-H refer to
homopeptides with extended and helical structure, respectively.
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the outer-valence states in the helical form than in the extended
one. However, it is important to note that due to the large
helical dipole, there is no full delocalization along the molecular
bridge for at least few eV below the HOMO level, unlike in the
case of extended Trp peptide, shown above in Figure 4b.

■ DISCUSSION

Our results show a direct relation between structural properties
and charge transport through homopeptides, measured as
monolayers. Specifically, we find that different amino acids
exhibit distinct ETp efficiencies, in correlation with their
predicted frontier energy levels in the gas-phase. Naturally, the
transition from gas-phase to a solid-state environment changes
the energy levels of each peptide (usually this will bring them
closer to the Fermi level of the electrodes)44 due to some
charge transfer at the interface and dipole−dipole interactions
within the monolayer. The transition from calculating the gas
phase peptides to calculating the actual solid-state junction
within the same high level of accuracy, so as to examine the
effect of the different environments on the electronic coupling,
is an important issue which we intend to investigate further.
However, we do expect the calculated solid-state energy levels
to follow similar trends to those, calculated for the peptides in
the gas-phase.
Our findings contribute additional insights to existing models

of tunneling pathways and average packing density for ET and
conduction through proteins.45,46 Both models rely on the
reasonable assumption that electronic interactions decay much
more rapidly through space than through bond. We introduce
here an analysis in which the chemical nature and structure of
the peptide affects the entire coupling matrix element. This
notion is based on the different ETp efficiency measured via
different homopeptides with similar conformations, where the
ETp dependence on amino acid composition is conserved in
both extended and helical conformation.
In addition, we showed that the conduction through

extended hepta-peptides is largely affected by the overall
charge of their side-chains. Previous results by Xiao et al.47

indicated that ETp efficiency increases upon protonation of the
peptide’s amino side chain. Gao et al. reported a notable effect
on ET efficiency upon protonation of amino side chains, which
can be increased or decreased, depending on the contribution
of the Coulomb repulsion energy to the activation energy for
ET in the system.48 However, this is valid for ET reactions,
which can be rationalized by Marcus theory. In the present
case, which resembles more the work done by Xiao et al., we
also considered that the presence of positive charge on the Lys
residue can induce LUMO-mediated transport and may explain
the lower conductance via deprotonated Glu by the charge
localization.
The exponential decrease in the current across a junction

with extended homo-Trp of varying length and the fact that it
does not depend significantly on temperature are strong
indications that a tunneling transport mechanism, most likely
off-resonance, is the dominant one for extended peptides
junctions (see Figure 3b,c). Other theoretical work predicted
that in the extended conformation both electrons and holes
may contribute to the conductance/transfer, while hole
transport (and transfer) is the dominant ETp mechanism via
a helical peptide structure.49 Here, we chose to focus on the
peptide’s HOMO levels, but a similar interpretation emerges
when the LUMO levels are examined.

The main conclusion from our work is that the contribution
of the side chains to the tunneling barrier height adds to other
parameters that control ETp and ET such as the peptide
secondary structure,50 dipole,51−54 and dynamics.55−59 For
example, the ratio of ETp at room temperature via extended
hepta-Trp and hepta-Ala is ≈20 (Figure 1). The molecular
diameter of Ala is smaller than that of the other peptides (by a
factor of 3−4; see atomistic modeling section in the SI). Hence,
the density of the Ala homopeptides’ monolayers can be 10−15
times higher than that of the monolayers, made with the other
peptides. Hence, the measured lower currents via Ala peptide
junctions, compared to Trp junctions, actually present an upper
limit ETp via Ala. At equal density of molecules the difference
may even be larger by an order of magnitude. The difference in
theoretical monolayer density between 7- and 20-mer Ala
peptides is at most a factor of 2.
Secondary structure formation can further facilitate ETp, as a

ratio of up to 400 in ETp efficiency was observed between
helical and extended homo-Ala peptides (Figure 5).
Assuming the operation of an off-resonance tunneling

mechanism, we can use the conduction ratios to estimate a
change in ETp efficiency of up to Δβ ≈ 0.1 Å−1 by different
sequences (in the same secondary structure) and up to Δβ =
0.20−0.25 Å−1 by combined different secondary structures and
sequences, for a 25 Å polypeptide (for the detailed calculation
see SI).
Our data show a connection with results of ETp measure-

ments via different Cyt C mutants that were covalently bound
to an electrode and that showed similar low activation energies
at elevated temperatures.
We note that our experimental results do not provide clear

indications for operation of a hopping transport mechanism,
because the latter is a thermally activated process, reflecting the
(partial) residence of the charge on the bridge. Present
experimental observations show temperature-independent
transport, except for the helical peptides, which exhibit very
low activation energies (Figure 5). Thus, any residence of
charge on the peptide’s amide bonds, allowing them to serve as
relay stations, will be minimal. Indeed our theoretical results
agree with this, in terms of the absence of localization of charge
on the backbone. This is relevant as hopping transport is
commonly correlated with HOMO (or LUMO) levels that are
localized on the presumed conduction path. We suggest that
the reason for more efficient conduction via helical than via
extended peptide conformations is a substantial change in level
alignment, possibly together with changes in (de)localization
trends.

■ SUMMARY OF MATERIALS AND METHODS
All peptides, extended and helical, were incubated for approximately
48 h on a gold-coated (50 nm) highly doped P++-Si slides. The
concentration of the peptide in solution was 0.2−0.5 mM, which
enabled the formation of a self-assembled monolayer via the reaction
of the SH terminal of the mercaptopropionic acid linker with the Au
surface, to form S−Au bonds via MPA. Immediately after monolayer
formation, samples were washed, dried, and characterized by
ellipsometry and polarization-modulated, infra-red, reflection adsorp-
tion spectroscopy, PM-IRRAS (see further explanation in the SI). A
different configuration was used for fabricating the molecular junctions
for transport measurements. In brief, Au electrodes were fabricated on
top of Si wafer by using photolithography, yielding a substrate that
contains 260 devices. This was then used to bring a single Au nanorod
to bridge between two electrodes, as reported previously.11 The
peptides were immobilized on the wafer in the same conditions as
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above (using the same basic chemistry to enable Au−S bond
formation). After monolayer formation, gold nanorods were
dielectrophoreticaly trapped to close the circuit11,60 (see Scheme 1;
for further explanation see SI). The final architecture of all measured
junctions is similar to the configuration shown in Scheme 1, with only
a single Au nanorod as a top contact. Since the yield of trapping was
low, ∼7%, the occasion of two or more Au nanorods bridging between
two contact pads was rather rare and could be easily detected using an
optical microscope, prior to the electronic transport measurements
themselves.
Next, the samples were loaded on an electrically floating sample

stage and placed in a cryogenic Lakeshore probe station (TTPX).
Current−voltage (I−V) measurements were performed to assess the
transport efficiency across peptide monolayers, using a Keithley 6430
Sub-Femtoamp Source-Meter, with a voltage scan rate of 20 mV/s.
For all measurements, a specific side of the junction was grounded,
while the other one was biased, in a consistent manner (in order to
ensure that the bias polarity was in the same direction for all
measurements). In each set of experiments, scans were acquired that
started and ended at 0 V (i.e., voltage sweep was 0 → −0.5 V, −0.5
V→ 0.5 V, 0.5 V → 0 V), to check if features in the I−V behavior
originate from the polarity of the initial voltage that is applied and
from the scan direction (hysteresis check). Vacuum conditions were
10−4−10−6 mbar (depending on temperature). Due to the mesoscopic
nature of the junction, the error in currents was large (∼2 order of
magnitude). However, about 60−70% of the junctions, measured by
I−V and IETS, did not show the expected Au−S vibrational mode and
revealed high current magnitude. Hence, only junctions containing
peptides that were identified to immobilize via the Au−S bond and
that were not partially shorted were further analyzed in the current−
voltage distribution, and the error of these junctions are shown in
Figure 1b.
For differential conductance and IETS measurements, two lock-in

amplifiers were added, and their output was measured simultaneously
with that of the current−voltage (for full description see SI).

■ ASSOCIATED CONTENT
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Preparation of peptide monolayers, atomistic modeling of the
peptide monolayers mesoscopic Au nanorod top contact
formation, current−voltage (I−V) measurements, differential
conductance and IETS measurements at 7 K, DFT and
electronic structure calculations of all peptides, theoretical
calculations of (de)protonation effects of side chains. In
addition extracted decay constant from homo-Trp and homo-
Ala are presented together with an estimation of ETp barrier
height via homo -Trp. Video S1 depicting IETS of hepta-Glu
monolayer in a solid-state junction. The Supporting Informa-
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