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Abstract

The self-assembly ability of molecules is of fundamental importance in modern
science and technology, making possible to produce nanostructures with a preci-
sion that is not achievable with classical lithographic miniaturization techniques.
In particular, self-assembled monolayers (SAMs) formed by helical oligopep-
tides are very promising materials, used as archetypal systems in various fields
of current nanoscience research, materials science, molecular biology, and
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surface science, and with potential application as molecular sensors and
optoelectronic devices. The motivation for fabricating polypeptide SAMs is to
exploit the unique features of polypeptide primary and secondary structures: it is
possible to create a designed peptide sequence (a sequence of side chains with
specified functionality) that in turn would be manifested in the corresponding
SAM as spatially resolved, chemically distinct functionalities localized in a
series of strata coplanar with the substrate. Moreover, the macrodipole moment
associated with the vector sum of the individual peptide dipoles in an a-helical
secondary structure gives rise to an intrinsically polar SAM, which favors elec-
tron-transfer in one precise direction and facilitates light-induced electron—hole
separation, for appropriately placed chromophores. In this chapter we review the
electrochemical properties of peptide SAMs, both in their fundamental and
excited electronic states, focusing on their characterization and on their charge-
transport properties.

Keywords
Peptides * Self-assembled monolayers ® Electron transfer * Electrochemistry

Introduction

The rational design and preparation of materials for a wide range of applications,
such as information storage and processing, requires protocols for the assembly of
molecular units into supramolecular array. For example, optical switches based on
second-order nonlinear effects [1] or optoelectronic devices require materials with
unidirectional alignment. Several techniques for the alignment of organic materials
have been investigated, making use of single-crystal materials, liquid crystals,
Langmuir—Blodgett films, and host—guest inclusion complexes. However, none of
these techniques have provided long-term stability of the system to both heat and
light. In 1983 Nuzzo and Allara [2] first reported on the formation of ordered self-
assembled monolayers (SAMs) by the spontaneous adsorption of dialkyl disulfides
on gold by covalent Au-S linkage. Since then, many reports have appeared in the
literature about SAMs having different thicknesses (chain lengths) and exterior sur-
face functionalities [3, 4].

In one of the first contributions to the field, Enriquez and coworkers showed
that also a-helical oligopeptides containing a disulfide moiety are promising self-
assembly materials [5]. In fact, in nature, the three-dimensional structure of pro-
tein is driven by a number of non-covalent interactions, among them the
aggregation of helical segments into a more specific spatial conformation. The
key advantage of helical peptides over alkyl chains is their larger efficiency in
long-range electron-transfer processes [6] and their rectifying properties due to
the effect of the helical macrodipole on the electron-transfer processes. In fact, in
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biological systems, electron-transfer (ET) reactions efficiently occur along a
sequential array of redox moieties embedded in polypeptide matrices [7, 8]. These
polypeptide matrices are generally believed to act not only as scaffolds to fix the
three-dimensional location of the redox moieties but also as mediators to facilitate
electron-transfer. a-Helix is the most frequently secondary structure observed in
such polypeptide matrices and is considered to play an important role in the medi-
ation of electron-transfer.

To study the nature of peptide-mediated electron-transfer processes, radiolysis
[9, 10] and photoinduced electron-transfer [11] studies in solution (donor—
peptide—acceptor) have been performed, together with theoretical calculations
[12—14]. These studies have shown that the efficiency of the coupling between
redox centers is determined by the 3D structure of the intervening peptide matrix,
the length of the peptide, the nature of the scaffold, and the amino acid sequence
[15-18]. The presence of hydrogen bonding also influences the electron-transfer
rates [14, 19, 20]. Furthermore, in the case of a-helical peptides, the ET may be
strongly affected by the molecular dipole of the helix. It is well known that helical
peptides have large dipole moments oriented along the molecular axis. When the
direction of the electron transfer is aligned with the field generated by the dipole, the
ET rates are usually faster than the ET rates in the against-dipole direction, as
proved by time-resolved fluorescence measurements for dichromophoric a-helical
peptides [21, 22]. It was also observed that the molecular dipole of a 3,,-helical
secondary structure is minor than that of an a-helix, because of the hydrogen bond
distortion along the helix in the former structure [12, 87].

Beyond all these results, SAMs functionalized with redox-active species have
contributed powerfully to characterize ET processes at the nanoscale. The two-
dimensional organization of peptide SAMs minimizes the conformational freedom
of the single peptide sequence. In this chapter we will focus on electrochemical
studies of peptides immobilized on gold electrodes, which led to fundamental
achievements in the comprehension of charge transfer across biological systems.
Electrochemical techniques, such as cyclic voltammetry (CV), chronoamperometry
(CA), and electrochemical impedance spectroscopy (ELS), have been used exten-
sively to study the ET kinetics across peptide SAMs immobilized on gold surfaces.
In the next section, the basic theory of electron-transfer (section “Peptide Electron-
Transfer Theory”) and behind each electrochemical method (section “Electrochemical
Techniques”) will be described.

Peptide Electron-Transfer Theory

To introduce the basic theory of models used to explain ET across peptide matrices,
it is possible to refer to a D-B—A system, where D and A are, respectively, an elec-
tron donor and electron acceptor group, while B represents a linear peptide chain.
One of the mechanisms for peptide ET is bridge-assisted superexchange [16, 23, 24],
where the bridge is only a medium and electrons (or holes) never stay on the
bridge. Superexchange (SE) is a coherent tunneling process, which is mediated by
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virtual states associated to electron (D*~B™—A) or hole (D-B*—A") transfer. In the
absence of stepping zones, ET is limited to a maximum distance of about 20 A.
In the Marcus—Hush theory of ET reactions [25, 26], the ET rate constant is given by

) : - (A +AG°)’ 1
o k) P T RT M

where Hp, is the electronic coupling matrix, which is the probability that an electron
tunnels through the D—A potential barrier; AG® is the driving force of the ET reac-
tion, i.e., the difference in the oxidation potentials of the D—A pair; and A is the
reorganization energy, i.e., the energy needed to bring the nuclei from the position
of the reactants to the position of the products.

These parameters may be determined by spectroscopic studies of charge-transfer
band intensities and energies (Hpa, A), structural and vibrational frequency differ-
ences (A), and electrochemical or other thermodynamic measurements (AG®). The
reorganization energy A is in general factorized in two contributions: an outer con-
tribution, which takes into account the reorganization of solvent modes around a
charge-separated (CS) state, and an inner contribution, which takes into account the
nuclear (vibrational) reorganization of the D—A pair, i.e., A=Ai, + Aoy

In a description of ET based on quantum theory, Eq. 1 can be written as [25]

1
Ky = h_ZHZDA (FCWD) )

where FCWD is the Franck—Condon-weighted density of vibronic states, i.e.,
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In the case of a molecular bridge composed of n bridge units (n amino acids of a
peptide chain), the D—A coupling matrix can be factorized in terms of the electronic
coupling between the donor and the first bridging unit (Hp,), the inter-site coupling
matrix Gy, and the coupling matrix between the terminal bridging unit and the elec-
tron acceptor group (H,):

H,, =H, G H,, 4)

Gy, is usually expressed as a product of the Green function, calculated at the energy
state of the donor. Therefore, SE may be considered as a coherent tunneling process
through molecular orbitals mediated by D*~B™—A (electron-transfer) or D-B*—A~
(hole transfer) virtual states (Fig. 1).

Within this scheme, the electronic coupling matrix decreases exponentially with
the distance between the donor—acceptor pair 1p, [27, 28]:
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Fig. 1 Scheme of the superexchange mechanism through a helical peptide immobilized on gold
surface. The exponential relationship of the electron-transfer rate constant vs. the D—A separation
is also illustrated (Reprinted with permission from Long et al. [23]. Copyright (2005) Wiley)

Hp, = HODA expl:_B(rDA T )] (5)

where HJ, is the value of the electronic coupling matrix at the donor—acceptor con-
tact distance 1, and f is the coupling strength parameter, which is found to be

B= %m (%J (6)

from perturbation theory calculations [26], and where 1 is the length of the bridging
unit. For long-range ET, f is small and is favored by a strong coupling between the
bridging units (so a big Hyg) and a small energy difference between the donor and
the virtual states (a small Ep-Eg). In the case of resonant tunneling (where there is
no energy gap), distance independence or little decrease of rates with distance is
expected, introducing to the concept of molecular wires.

So, following the SE model, the ET rate constant would decrease in an exponen-
tial way with the donor—acceptor distance:

kg =k, =k e (7

ET tun ET

This exponential decrease has been observed in a series of donor—acceptor systems,
in which the P values are found to be typical of the different molecular spacers. In
peptide systems, definitely small decay constants have been reported at long dis-
tances: 0.18 A~ for helical oligoprolines [29], 0.02-0.04 A-! for helical peptides
[30, 31], and 0.05 A for collagen-like triple helices [32].

The other mechanism reported in the literature is the electron hopping, where an
electron is injected from the donor to the peptide bridge and then it hops through the
peptide bridge to reach the acceptor moiety. This is a thermally activated process,
involving nuclear motion and electron hopping over the barrier.
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The ET rate constant is described by

E'd
Kgp = Kpy exp(— ij ®)

In the limit of diffusive hopping, the electronic conduction is typical of ohmic ET,
and the ET rate constant is inversely proportional to the D—A separation [33]:

AE

where N is the number of hopping sites and AEpg is the energy difference between
the donor and the bridging unit. The electron-transfer rate constant shows an expo-
nential decay by increasing the distance in the tunneling, while it is inversely pro-
portional to the distance in the hopping (Fig. 2). However, both mechanisms are
always present in each electron-transfer reaction, but the dominant may change,
depending on the electron-transfer distance and the reaction driving force. In the
hopping mechanism the driving force is the difference in the redox potentials of the
donor and acceptor (in the case of a metal, its Fermi level). The tunneling prevails
when the driving force is large or the ET distance is short.

The hopping mechanism has attracted growing attention in explaining the effi-
cient long-range electron transfer in biological systems such as double strands of
DNA, in which the charge propagates with the assistance of the n-stacked bases.
This mechanism is still controversial for peptides, mainly because peptides do not
have specific “hopping sites,” even if it has been suggested that amide groups, or
specific amino acids, such as tyrosine or tryptophan, may exploit this function,
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Fig.2 Scheme of the hopping mechanism through a helical peptide immobilized on gold surface.
The linear relationship of the electron-transfer rate constant vs. the D—A separation is also illustrated
(Reprinted with permission from Long et al. [23]. Copyright (2005) Wiley)
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Fig. 3 Plot of log k.., (radiolysis @ and photolysis [X]) versus edge-to-edge D—A distance for
Isied’s oligoproline conjugates (Reprinted with permission from Malak et al. [29]. Copyright
(2004) American Chemical Society)

through aromatic groups. It is now generally accepted that SE and hopping
mechanisms can operate in a parallel and competitive way [34], i.e.,

Ky = kg +k (10)

hop
The main results obtained in solution, studying a diruthenium system bridged by a
oligoproline spacer of different length, showed a transition from a predominant
superexchange mechanism to a predominant electron hopping mechanism at a D-A
distance of 20 A [29] (Fig. 3). These results were supported by theoretical calcula-
tions carried out by Petrov and May [13].

Experimental results obtained for oligopeptides containing a-aminoisobutyric
acid (Aib) units by Maran and coworkers did not confirm electron tunneling contri-
butions to the ET rate [35]. The authors supposed that the unusually smooth dis-
tance dependence of the rate constants observed in their experiments resulted from
the increase of electronic coupling due to the lowering of the energy of the bridge in
the presence of hydrogen bonds (Fig. 4). This effect counteracted the exponential
decrease of the rate constant expected for a superexchange mechanism.

As matter of fact, the  values of different peptide chains span the full range from
saturated to unsaturated hydrocarbon chains. This confirms what is already known
about ET processes in proteins, where only a multiple pathway approach could
explain their long-distance character and their efficiency values [36]. Through this
approach, several mechanisms are taken into account: through-bond ET



510 E. Gatto et al.

o)
0
N M
1 % N%{/XO\O
o] L Ofn
NC - 1
2 HeOQ
DELS e
0 L Ofn
3 -
T o o -
109 Kyyfs™ 2 7] o 109 Ky
@)
)
" 8
- -1
T T T T
1 2 3 4
n—m—m —»

Fig. 4 Dependence of the intramolecular ET rate constants for p-cyanobenzamide-substituted
oligopeptides (white, left scale) and phthalimide-substituted oligopeptides (black, right scale) on
the number of intramolecular hydrogen bonds (Reprinted with permission from Antonello et al.
[35]. Copyright (2003) American Chemical Society)

(comprising through-space tunneling), hopping between aromatic side chains, and
hydrogen bond (HB)-assisted electron-transfer. Therefore, the matrix element for
the electronic coupling, Hpa, should be evaluated by the product of the coupling
terms for jumps along a 6 bond and jumps across the space, eventually mediated by
aromatic groups or HB shortcuts. The pathway that gives the largest product is taken
as the optimum one. The agreement with experimental data has been recently
improved, by taking protein dynamics into account [37, 38].

Electrochemical Techniques

In this section, the most widely used electrochemical techniques and their basic
theory will be described (Table 1).

Cyclic Voltammetry

The most widely used electrochemical technique for SAM characterization is cyclic

voltammetry (CV). CV is a potential sweep method where the potential of an elec-
trode, which is immersed in an unstirred solution, is varied and the corresponding
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Fig. 5 Cyclic voltammetry experiments in a 0.50 mM K;[Fe(CN)4] aqueous solution: (a) bare
gold electrode, (b) gold electrode modified by a helical peptide SAM, and (c) gold electrode modi-
fied by an undecanethiol SAM. Sweep rate: 50 mV-s™! (Reprinted with permission from Gatto
et al. [44]. Copyright (2007) Elsevier)

current is measured [46, 39, 40]. The potential of this working electrode is
controlled versus a reference electrode, such as saturated calomel electrode (SCE)
or silver/silver chloride electrode (Ag/AgCl). This technique does not require
expensive or sophisticated instrumentation, and it is therefore widely available.

The most used CV experiment reported in the literature concerns the verification
of the SAM formation, through blocking experiments [41-43].

In this kind of measurement, the SAM-coated gold electrode is used as working
electrode and immersed in a solution of a standard redox couple, such as K,[Fe(CN),]/
K;[Fe(CN)g] or [Ru(NH;)6Cl;]/ [Ru(NH;)5Cls]. The advantage of this kind of exper-
iment is that also electrochemically inactive SAMs may be analyzed. In the absence
of the layer, the electrochemical signals corresponding to the oxidation and reduc-
tion species are present. After the SAM formation, in general, there is a decrease of
the reversible redox peaks, which is proportional to the SAM packing (Fig. 5) [44].

For peptide SAMs functionalized with redox species, CV can be used to deter-
mine kg, A, and H,p from the electroactive molecule to gold, through the peptide
film. The values of background and peak currents and the peak potentials may be
used to determine the rate constant of ET reactions. However, the integrity of
the monolayer is of great importance in determining the value of the kgr, because the
redox centers should be ideally isolated from one another and local molecular envi-
ronments homogeneous. Some SAM disorder can disperse the value of the mea-
sured rate constants. In Fig. 6 the relevant parameters that can be determined from
CV data are reported.
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The background current (also defined as charging or capacitive current, i,) may
be associated with the thickness of the SAMs (Fig. 6). In order to compare differ-
ent values, the double-layer capacitance, Cpy, is often normalized to the surface
area, A [45]:

ich CDL
—ch _ DL\, 11
A A (1)

As the faradic current peak (i,) is directly proportional to the scan rate, v, as
described by Eq. 12 [46], the number of the redox-active sites on the surface may be
determined from the slope of i, versus v:

. N-n’.F?

()= r (12)
where i, is the peak current (anodic or cathodic), v the voltage scan rate, N the num-
ber of redox-active sites on the surface, n the number of electron transferred, F the
Faraday constant, R the gas constant, and T the temperature. The surface coverage
I" can be determined dividing N by A. This value is often compared to a theoretical
maximum based on the molecular surface area of the peptide. In particular, for heli-
cal peptides, this value depends on the cross-sectional area of the helix (which is
0.69 nm? for a 3,,-helix and 0.92 nm? for an a-helix) and on the steric hindrance of
the electrochemical probe used. By assuming a tilt angle with respect to the surface
normal of 0° and a close hexagonal packing of the helical peptides, a surface density
of 21.7-107"" mol/cm? and 16.5-10~"" mol/cm? may be obtained, respectively, for a
3,0-helix and a-helix [30]. However, it is generally found that the peptide SAMs are
never perpendicularly oriented and their axis has a tilt angle of 30-60° with respect
to the surface normal [30, 47]. As a consequence, the surface density value is
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reduced, and in order to know the real surface density, the theoretical value should
be multiplied by the cosine of the tilt angle that the peptide helical axis forms with
respect to the normal to the gold surface. Also the integration of the background-
subtracted anodic or cathodic peak in a slow scan rate voltammetry experiment may
be used to determine the surface coverage [48]:

_Q
nFA

13)

where Q is the amount of charge passed during exhaustive electrolysis of the assem-
bly, which may be correlated to the number of the redox molecules.

The peak width is diagnostic of the homogeneity of the monolayer and can be
evaluated by the full width at half of the peak maximum height (FWHM; Fig. 6, Eq. 14).
Values of FWHM that are different from the theoretical one (90.6/n mV) have been
attributed to electrostatic effects incurred by neighboring charged species:

FWHM=3.53R—E:%mV(ZSOC) (14)
n n

The redox potential, Ey, is the average value of the anodic and cathodic peak poten-
tials, (E,,+E,)/2, while the peak separation, E,, is E,,—E,.. In general, when the
redox species are adsorbed onto the electrode and at low scan rates, the diffusion
does not play arole, so the peak separation is 0. By increasing the scan rate, the peak
separation increases [46].

The overpotential 1 is defined according to Eq. 15 as the difference between peak
potential E; and the formal potential of the complex:

0
n=E -E (15)

For each scan rate, ky(n), the rate constant for electron-transfer at a particular over-
potential can be determined. At any point of the voltammogram, the instantaneous
faradic current is given by [49]:

i, =nFA(k,I,,_ —k.TI

Jrae k) (16)
where n is the number of electrons, F is the Faraday constant, A is the area of the
electrode, k, and k. are the rate constants of anodic and cathodic processes, and I',4
and I',, are the surface concentrations of the redox centers in the reduced and oxi-
dized state. If the potential is at least 60 mV beyond the formal potential of the
redox couple, the equation given above reduces to [49]

i, =kQ(t) (17)

where k =k, for oxidation and k =k, for reduction and Q(t) is the charge correspond-
ing to the quantity of unreacted redox sites in the electrode. The rate at given over-
potential can be calculated by dividing the instantaneous faradic current by Q(t) for
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that potential. A plot of n vs. log ky(n) is known as a Tafel plot and, importantly, can
be used to determine kgr.

In the case of non-electrochemically active molecules, to determine the surface
coverage, desorption measurements in a 0.5 M KOH aqueous solution may be per-
formed. This experiment is based on the voltammetric measurement of the charge
passed for the electron reductive desorption of the gold-bound thiolate layer in an
alkaline solution:

Au(s)=S,R+ne” — Au(s)+R(S") (18)
In this equation, n represents the degree of charge transferred between the sulfur
atom and the surface (for lipoic acid n=2, while for alkanethiols n=1).

The surface coverage due to gold-bound peptides may be estimated from the charge
corresponding to the reductive desorption of the thiol linker from the gold surface.
A typical CV curve obtained from this experiment is shown in Fig. 7 [S0]. When the
potential is swept to sufficiently negative values, a reduction peak appears, which cor-
responds to the reductive desorption of the sulfur-containing molecules from the elec-
trode surface [50, 51]. The surface coverage of the electrode can be calculated from the
peak area (i.e., the charge associated with the reduction process).

Chronoamperometry

Chronoamperometry is a basic potential step method [46]. In a potential step experi-
ment, an overpotential is applied to the working electrode and the current is recorded
as a function of time. In a double potential-step experiment, the potential is applied

4.0x107° . . — . ,
2.0x107 4
0.0 -

—2.0x10° 1
—4.0x10°
~6.0x10° -
-8.0x107® i

Current Density [A/cm?]

—1.0x107° 4
—1.2x107°
—1.4x107° 1

-1.4 -1.2 -1.0 -0.8 -0.6 -0.4
Potential vs. AgQR (V)

Fig. 7 Electrochemical desorption of the monolayer of nonelectroactive polyalanine. The curve
was recorded in 1 M KOH (Reprinted with permission from Sek et al. [50]. Copyright (2005)
American Chemical Society)
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Fig.8 Example of
chronoamperometric data
from a double-step
experiment. After a
potential step, the current
decays with time. Q
represents the total charge
that has passed to fully
oxidize or reduce the
surface species (Reprinted
with permission from
Eckermann et al. [45].
Copyright (2010) Elsevier)

Current (A)

Time

symmetrically around the formal potential of the redox center (Fig. 8). For example,
if the E° of the redox center is 0.4 V, the first and second applied potentials would
be +0.45V and 0.35 V. The potential limits of the electrolyte and electrode must be
taken into account when setting the potential limits. Importantly, the initial potential
should be chosen such that all redox centers are in the same oxidation state.

An important aspect is the delay of time between potential steps, which must
allow for the measurement of the complete current decay. For accurate measure-
ments, the time must be long enough for the faradic current to be separated from the
charging current (the initial current spike). High charging currents are generated
initially and decay with time and can therefore be temporally separated from the
faradic response as long as the time constant for the charging current is smaller than
the rate constant for the faradic current. Large potential steps can lead to charging
currents much larger than the faradic currents, complicating data analysis. The
appropriate time must be determined experimentally by observing the time it takes
for the current to return to baseline levels.

The measured current and applied potential vs. time are required data for rate
analysis. The overpotential (n) should be corrected for ix drop. The solution resis-
tance, Rs, can be determined using electrochemical impedance spectroscopy (sec-
tion “Electrochemical Impedance Spectroscopy”):

n(1)=E() B, ~i()R, (19)

The total current iy is the sum of the faradic and the charging current (i; and i,
Eq. 20). The charging current i, can be determined as in Eq. 21. Cp can be deter-
mined using electrochemical impedance spectroscopy (section “Electrochemical
Impedance Spectroscopy™):

ip (t):if(t)+ich (t) (20)
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. An
i, (t)=Cy | — 21
NORSAES en
The total charge passed, Qr, can be obtained by integrating the faradic current over
the total time as in Eq. 22:

Q =i (t)dt 22)

The charge remaining at any given time t is derived from Eq. 23:

Q(1)=Qr - if (1)t 23)

Finally, the apparent rate constant at a given time k,pp is calculated as shown in
Eq. 24:

i (t
K pp (1) == (1 24
APP ( ) Q (t) ( )
The rate as a function of time, kapp(t), may be used rather than rate as a function of
overpotential, k(n), due to kinetic heterogeneity. A simple way to determine if a dis-
tribution of kinetic sites is present is to plot In(i) vs. time. If this plot is curved rather
than linear, then kinetic heterogeneity must be considered [52]. An experimental Tafel
plot can be generated by plotting each overpotential against the measured kpp(t).
Another method to analyze CA measurements is described by Finklea [53].
In interfacial electron-transfer reactions between the surface-bound redox group
and the metal, the current i decays exponentially with time following the equation:

i=i, exp(—kETt) (25)

Where i, and kg represent the current at t=0 and the electron-transfer rate constant.
In general, following the capacitive response, a linear relationship between In(i) and
t may be obtained, from which it is possible to determine the electron-transfer rate
constant [54]. By plotting the ET rate constants vs. positive and negative overpoten-
tials, a Tafel plot may be obtained, from which the k% value may be determined.
Furthermore, asymmetry in the Tafel plot may be an indication of the helical mac-
rodipole effect on the ET rate constants, for peptides in helical conformation
[86, 50, 54] (Fig. 9).

AC Voltammetry

Alternating current (AC) voltammetry is similar to cyclic voltammetry, meaning
that it is a potential sweep method [46]. A starting potential and ending potential are
selected, and the corresponding current is measured. In addition to that, a sinusoidal
component AC (the frequency of which can be varied) of about 5 mV peak-to-peak
amplitude is superimposed on the potential waveform (Fig. 10a). The measured
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Fig.9 Results in chronoamperometry of several ferrocene-containing helical peptide SAMs: (a)
i-t curves of the helical peptide SAMs at an overpotential of 0.04 V, (b) its semilog plots, and (c)
dependence of electron-transfer rate constants on overpotentials for the electron-transfer between
the ferrocene moiety and gold in helical peptide SAMs. Also the capacitive response of a ferrocene
devoid peptide is reported for comparison (Reprinted with permission from Watanabe et al. [54].
Copyright (2005) American Chemical Society)

response is the resulting alternating current (Fig. 10b), but the electrochemical
response appears as a single peak, since a lock-in amplifier or frequency response
analyzer allows the component of the current (which is varying sinusoidally) to be
separated from the dc signal. Passing the signal above through the lock-in amplifier
provides the magnitude of the change over each cycle, as shown in Fig. 10c.

The electron-transfer rate constants (ky) for immobilized redox centers may be
obtained using the treatment proposed by Creager and Wooster [55]. This method



16 The Electrochemistry of Peptide Self-Assembled Monolayers 521

Fig.10 (a) AC
voltammetry wave form i
showing the oscillating E (applied) N’,.'U“'
component of the potential A N\“—

sweep (E vs. time), (b) the E* s IJ(J'J

measured current signal vs. YL

time, and (c) the data v
representation, AC current ,ﬂ. 1

vs. potential (Reprinted h\
with permission from ¥
Eckermann et al. [45]. b
Copyright (2010) Elsevier)
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involves plotting the ratio of the AC voltammetric peak current (i,) to the back-
ground current (i,) as a function of the logarithm of frequency (Fig. 11) and then
fitting the plot using the complex nonlinear least-squares (CNLS) method of
MacDonald and Potter [57].

The magnitudes of the fitted circuit elements may be used to calculate the ET rate
constant using the Randles equivalent circuit model [56]. This circuit (Fig. 11) is
one of the simplest models for describing ET of a redox species attached to a mono-
layer. It includes a solution resistance (Rs), a double-layer capacitance (Cpp), a
charge-transfer resistance (Rcr), and an adsorption pseudocapacitance (C,p). The
double-layer capacity is in parallel with the impedance, due to the charge-transfer
reaction, and Cp, reflects the order of the monolayer and its permeability toward
electrolyte ions and solvent molecules [58].

The only variables needed for determining kgr are the double-layer capacitance
(Cpp), the charge-transfer resistance (Rcr), electrode surface area (A), and surface
coverage I'. I" is measured independently using Eq. 13. The four parameters in the
Randles circuit are given by Eqs. 26-29:

C
Cp. = [XJA (26)

_TAF
AP 4RT

27
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Fig. 11 Plot of I,/I, vs. log(frequency) for a mixed monolayer consisting of a ferrocene-labeled
peptide and CH;3(CH,)s—SH. Points represent experimental data. The solid line is calculated using
the Randles equivalent circuit model shown above. Cp, is the double-layer capacitance, Cyp, is the
adsorption pseudocapacitance, Rs is the solution resistance, and Rer is the charge-transfer resis-
tance expressed as Rer=(2RT)/(FT'kgr). (Reprinted with permission from [56] Sek et al. [56].
Copyright (2004) American Chemical Society)

1
s 4n-rk

(28)

Rer = ;‘-i 29
F ATk,

Different articles have appeared that take advantage of this approach to measure kgy
in peptide SAMs [47, 56, 59, 60]. There are several advantages of using this method
to determine kgr. First, the input variables (Cpy, I', A, Rs) are easily obtained from
impedance spectroscopy or cyclic voltammetry measurements. Second, due to the
high sensitivity of the AC voltammetry method, very low surface coverages can be
probed. The disadvantage of this approach is that only kgr can be obtained; no infor-
mation regarding electronic coupling or reorganization energy can be obtained.

Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) measures the frequency response
of a system by measuring impedance, Z [46]. The impedance is a measure of the
ability of a circuit to resist the flow of electrical current, and it is usually measured
by applying a small alternated current signal over a range of frequencies at a specified
potential to an electrochemical cell and then measuring the current through the cell.
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By applying a sinusoidal potential excitation, the corresponding current response is
an AC signal. Electrochemical impedance spectroscopy is in general measured
using a small excitation signal, so that the cell’s response is pseudo-linear. In that
case, the current response is a sinusoid at the same frequency, but shifted in phase
(see Fig. 12).
The excitation signal, expressed as a function of time, has the form

E, =E° sin(cot ) (30)
where E, is the potential at time t, E° is the amplitude of the signal, and o is the
radial frequency. In a linear system, the response signal, I,, is shifted in phase (¢)
and has a different amplitude, I°:

I, =I"sin(ot+¢) (3D

An expression analogous to Ohm’s law allows to calculate the impedance of the
system as

E, E,cos(ot) cos(wt)
Z=—t= =7,
I I, cos(mt—¢) cos((ot—¢)

t

(32)

The impedance is therefore expressed in terms of a magnitude, Z,, and a phase shift,
¢, and it may be expressed as a complex function, where ® is the angular frequency
of the AC signal:

Z(w)=2Z,(cos(ot)+isin(ot)) = Z,, —iZ (33)

e Im

Fig.12 Sinusoidal current E
response in a linear system

ANERVAN
N\
|

I 1 phase — shift
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A variation in the frequency value changes the relative contribution of each of the
elements in the Randles circuit to the overall impedance. For that reason the imped-
ance values are measured over a wide range of frequencies, in order to determine
the value of each individual element of the Randles circuit.

Rs and Rer only contribute to the real component of impedance (Zg.). A resistor
has no effect on the phase, ¢, between the voltage and current, so across Rg and Rer,
voltage and current remain in phase (Fig. 13). As shown in Fig. 13, the voltage lags
the current by 90° across a capacitor, so the voltage and current are out-of-phase
across Cp. and C,p. As such, Cpp and C,p contribute to the out-of-phase or imagi-
nary component of impedance (Z;,,) [46].

In general, the amount of the impedance (Z) in complex form is given by Eq. 34:

Z=\Z2 +72 (34)

The phase of the impedance (¢) in complex form is given by Eq. 35:

(2
¢ =tan [Z j 35)

Re

Fig.13 Scheme showing E
the effect of a resistor and \/\ !
a capacitor on the phase ; ! /\
() of an alternating ; Time
current (I) with respect to ‘ E\/ \\/
1

the voltage (E). For a !
resistor, current and 1
voltage are in phase. For a '
capacitor, voltage lags :
current by 90° (Reprinted !
1
1
1
1
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with permission from
Eckermann et al. [45].
Copyright (2010) Elsevier) /\
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Electrochemical impedance spectroscopy data are generally plotted in one of two
ways: a Bode plot or a Nyquist plot [46]. In Bode plots, log IZI (from Eq. 34) and ¢
(from Eq. 35) are both plotted vs. log(w) [46]. In Nyquist plots (also defined as
complex-plane impedance plots), the imaginary axis, Zy,, is plotted vs. the real axis,
Zg., for different values of . Each point of the plot is the impedance at one fre-
quency. For data analysis, Nyquist plots are much more frequently used than Bode
plots.

When a potential is chosen so that no ET occurs (i.e., away from the E° of the
redox species of the monolayer), the faradic component of the Randles circuit
would not be considered [55]. Only Rg and Cp, connected in series, are considered,
and the impedances are additive. At high frequencies (o — o) there is no time for
CpL to charge, and the curve approaches the Zg. axis at Rs. As the frequency
decreases there is more time for Cp to charge, and, at low frequencies (w — 0), the
main contribution to the impedance is from Cp,. In this case the Nyquist plot appears
with a vertical line, because the impedance contribution from Rg is not affected by
the frequency (Fig. 14).

When a potential where ET occurs is chosen (i.e., at or near the E° of the redox
species inserted into the monolayer), the entire Randles circuit is considered. The
additional R¢r and C,p, contributions to the impedance complicate the equation rep-
resenting the Nyquist plot. At high frequencies, the plot has the shape of an ellipse
[55, 61]. As @ — oo there is no time for ET to occur (Rer and C,p become negligi-
ble), and there is no time for Cp; to charge. Thus, as ® — oo the high-frequency
portion of the ellipse approaches the Rg value at the Z, axis.

Equation 36 shows which is the center of the ellipse situated on the real axis:

. R
Ellipse ., ) = Rs + ——"—— (36)
AD
Fig. 14 Example of a B 0.01@
Nyquist plot for a series 9
circuit containing only Rg 1
(100 Q) and Cpy. The 8 o
vertical line on the right 74
approaches the Zg. axis at 64
R as @ — oo (indicated by <} 5 ]
the arrow). For reference, ,\:_E J
points are shown at 4
®=0.01 and 0.1 (Reprinted 3 4
with permission from 0 *
Eckermann et al. [45]. -
Copyright (2010) Elsevier) 1 0.1 I
0 " T . . )
0 50 100 150
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Equation 37 shows the maximum of the ellipse on the Zj, axis is

R
Ellipse,,, T 37)

ax(Zi )
2-(1+CDLJ
Cao

As shown in Eq. 38, the point at which the ellipse would cross the ZRe axis at low
frequency (0 —0) is

R
Ellipse, .., =R, +—L (38)

Low(®)(Zg. ) S 2
[1 + Co j
Cip

However, at low frequencies, the Nyquist plot ellipse never approaches the Z,. axis.
Instead, the plot becomes a vertical line with an increasingly large Z;,, component,
as the Cp, and C,p contributions dominate the impedance. If the vertical line con-
tinues to the Zg, axis, the intercept would be at the same point where the ellipse
would cross the Zg, axis as ® — 0 (Eq. 38, Fig. 15).

In this case, Rg can be directly measured, but fitting programs, typically supplied
with the potentiostat software, are typically used to determine the values of Cp, Cyp,
and Rer. Once these parameters are known, kgt can be determined using Eq. 39:

kpyp =——— 39)

Fig.15 Examples of a 7710

Nyquist plots for a Randles — 80—
circuit for a redox species
integrated into a
monolayer. Rg = R,

2’ =7ge, =71 Rs is
50Q, Cppis 1 pF, Cpp is
18.8 pF, and Rer is for (1)
133 Q and (2) 88.8 Q. The S
dashed line is the limiting
ellipse for (1); this is what
the plot would look like if
Cap were O pF. See the text
for descriptions of the 100
partial ellipses and the
vertical portion of the plots
(Reprinted with permission
from Laviron [61].
Copyright (1979) Elsevier)
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A number of articles have appeared that take advantage of using EIS to measure kgr in
peptide SAMs [30, 59, 60, 62—-64]. Electrochemical impedance spectroscopy experi-
ments are very useful, as it is possible to measure several different parameters in one
experiment. However, the nonideal behavior of the system under study may cause
some problem. For example, nonideal behavior can dramatically modify the values
obtained from analysis based on the Randles circuit model. In this case, in order to
obtain accurate data, these non-idealities must be addressed. One way to do this is the
use of additional circuit elements. For peptide SAMs, in general, a constant phase ele-
ment (CPE) is added, which acts as a nonlinear capacitor and accounts for the inhomo-
geneity on the electrode surface [60, 62]. The lesser the film capacitance, the higher the
film thickness or compactness. Higher-frequency power (n) indicates more order. The
diameter of the semicircle in a Nyquist plot is the measure of the charge-transfer resis-
tance (Rer), which is inversely proportional to the ET rate. Rgqy is the interfacial resis-
tance through the SAM, and although its correct nature is unknown, it has been a
consequence of the orientation of the dipoles in the SAM structure [65].

Photocurrent Generation Measurements

Photocurrent generation (PG) measurements of peptide SAMs are in general carried
out in an aqueous solution of Na,SO, (0.1 M) containing an electron donor (in gen-
eral triethanolamine, TEOA) or acceptor (in general methyl viologen (MV?)),
using the same three-electrode setup described in the other electrochemical mea-
surements. The experiment consists in the measurement of the current generated
after illumination of the SAM-covered working electrode with a high-power lamp
(in general a xenon lamp). The lamp should be equipped with a monochromator, in
order to select the excitation wavelength (Fig. 16). Generally, in the presence of an
electron donor in solution, an electron-transfer (ET) process from the photoexcited
chromophore to the gold surface is observed. If an electron acceptor is present in
solution, the current direction is reversed, and the electron-transfer process occurs
from the gold surface to the chromophore.

A typical time course of photocurrent upon photoirradiation of the peptide SAM
at different wavelengths (15 nm bandwidth) in the presence of TEOA is shown in
Fig. 17, where repeated on—off cycles of photoexcitation, each one 30 s long, are
reported. To confirm that the chromophore inserted into the peptide is responsible
of the current measured, in general, the action spectrum, i.e., the photocurrent
response vs. the excitation wavelength, of the SAM is compared to the chromo-
phore absorption spectrum. If they overlap, this demonstrates that the chromophore
(chr) used is the photosensitizing species.

The mechanism of photoactivated generation of a cathodic current in an electro-
chemical cell with an electron acceptor in solution (methyl viologen (MV?*))
proceeds through the following steps (Fig. 18). Upon photoexcitation of the chro-
mophore (chr— chr*), ET from the singlet excited state to MV?* readily occurs
(step I), followed by ET from gold to the chromophore radical cation (step II). The
reduced viologen diffuses to the auxiliary electrode, and the transferred electron
closes the circuit, giving rise to a net electronic current (step III).
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Fig.17 Time course of the photocurrent of a bicomponent peptide SAM in an aqueous TEOA solution
at 0 V vs. Ag/AgCl upon photoirradiation at different wavelengths (every 10 nm from 295 to 355 nm)
(Reprinted with permission from Gatto et al. [51]. Copyright (2012) American Chemical Society)

In the presence of an electron acceptor in solution (TEOA 50 mM), an anodic current
is measured, as a result of a chr* — Au ET, followed by TEOA — chr** ET (Fig. 19).

The second step in cathodic and the first step in anodic condition most likely
represent the rate-limiting steps of photocurrent generation, because of the long
distance between the gold surface and the photoactive probe. In general the anodic
photocurrent intensity decreases by decreasing the bias to the gold electrode, reaching
a value of zero at a certain potential (zero current potential, zcp). A bias decrease
reduces the energy gap between the oxidation potential of chr* and the Fermi level
of gold, resulting in a lower anodic photocurrent.

The efficiency of the process may be determined by the incident photon-to-
current efficiency (IPCE), described by the following equation:

100-i(A/cm2)-1240

I(W/cmz)%(nm) “0)

IPCE (%) =
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Fig. 18 Schematic illustration of cathodic photocurrent generation by a chromophore-containing
peptide SAM in the presence of MV?*, MV?* reduction potential is referred to an Ag/AgCl refer-
ence electrode
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where i is the measured photocurrent, I is the incident light power density, and A is
the incident wavelength. The intensity of the incident light may be measured using
a power meter or evaluated by azobenzene actinometry [66].

Peptide-Based SAMs

In general, peptides form tightly packed SAMs depending on their length and 3D
structure. Typically, short peptides are very flexible; they populate several conforma-
tions, rapidly interconverting between the different conformers. For this reason, they
form poorly packed films that show a large degree of inhomogeneity and have up to
15 % vacant gold sites [23]. On the contrary, longer helical peptides form ordered
and densely packed films. However, not only the length of the peptide primary
sequence but also the type of secondary structure attained by the peptide chains and
the presence of aromatic groups in the molecules influence the order and packing of
the corresponding SAM. We have recently demonstrated that also six-residue-long
peptides possess very good self-assembly properties if they are folded in 3,,-helical
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conformation, and that if they are functionalized with properly arranged aromatic
chromophores, these properties can be extremely improved [44, 67, 68]. A marked
restriction on the available ¢, y space, constraining short peptides to populate helical
conformations, may be imposed by using C*-tetrasubstituted amino acids [69], thus
conferring stability to peptide 3D structures and, consequently, making helical pep-
tides good candidates as building blocks for the construction of self-assembled nano-
structures. The most extensively used and investigated residue of this group is the
a-aminoisobutyric acid (Aib, also known as 2-methylalanine).

Furthermore, it is well known that helical peptides have a large macrodipole
moment (3.5 D per residue, [70]) which is oriented parallel to the molecular axis
(directed from the C- to the N-terminus). In protein organization and function,
where helical segments aggregate to populate supramolecular structures, this can
have a great impact. For this reason, also the SAM package can be influenced by the
direction of the molecular dipole moment. Furthermore, it has been demonstrated
that the direction of the electron-transfer processes is influenced by this parameter.
Indeed, several papers demonstrated that electron-transfer (ET) processes occur
more rapidly from the C- to N-terminus direction than along the opposite direction,
both in solution [21, 22, 87] and on surface [50, 71, 84]. Moreover Miura et al. [72]
reported important surface potentials for oriented polypeptide SAMs.

Electrochemistry of Peptide-Based SAMs

Electrochemical techniques have been widely used to investigate the kinetics of
electron-transfer through self-assembled monolayers (SAMs) of molecules linked
to gold surfaces through a gold—thiolate bond [45]. SAMs can serve as useful model
systems for studying the kinetics of mediated electron-transfer. In particular confor-
mationally constrained peptides are ideal candidates for ET studies, since they pos-
sess a well-defined rigid secondary structure and can serve as starting point for a
comprehensive study of the influence of peptide secondary structure on ET rates.

The first report in this field appeared in 2002 [73], where Galka and Kraatz syn-
thesized and characterized a series of ferrocenoyl-oligoproline—cystamines
[Fc—Pro,—~CSA], (n=0-6) in order to study the influence of peptide secondary
structure on ET rates. Oligoprolines are good candidates to do that, since they pos-
sess a defined secondary structure (polyproline I, 3.1 A per proline residue). They
immobilized these systems on gold microelectrodes and characterized them by cyclic
voltammetry. Each peptide SAM exhibited a well-defined and fully reversible one-
electron oxidation. The linear relationship between the peak currents and the sweep
rates indicated that the Fc-peptides were surface bound, while from the integration
of the oxidative peaks they evaluated the mean molecular area.

They obtained ET rates from the cyclic voltammograms at variable scan rates by
the Butler—Volmer formalism. These values are reported in Fig. 20, as a function of
the length of the peptide spacer. Although they observed an exponential decrease
with increasing number of proline residues, the decrease was less pronounced than
expected for the Marcus through-space electron-transfer mechanism, suggesting a
through-bond mechanism.
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Fig.21 Schematic illustration of the helical peptide on gold surface, studied by [74] (Reprinted
with permission from Morita and Kimura [74]. Copyright (2003) American Chemical Society)

The experimental § value was 0.12 A~!, which was much lower than the one
estimated for proteins in this secondary structure, but very similar to the one
obtained for a very similar proline-based peptide systems by pulse radiolysis, where
a combined through-space and through-bond mechanism was proposed.

One year after, Kimura and Morita studied 16-residue-long helical peptides [74].
The peptides were composed of eight (Leu-Aib) repeating unit, with a lipoic acid to
bind gold surfaces and a ferrocene electrochemical probe at the C-terminus
(SSL16Fc) and N-terminus (FcL16SS), to evaluate the effect of the peptide macro-
dipole on the electron-transfer process. Cyclic voltammetry experiments showed
that the ferrocene was able to transfer one electron through the peptide bridge, even
at a distance of more than 4 nm (Fig. 21).

Furthermore, by chronoamperometry measurements, they have been able to
determine the electron-transfer rate constants for this process, the standard values
being 0.68 s! for the FcL16SS and 2.0 s™! for the SSL16Fc. These values were
much larger than the calculated value of 0.003 s™!, obtained by assuming a pure
superexchange mechanism. The calculation was carried out using an exponential
decay as function of the peptide length:

kET exp( BA _BBnB _B'cd'c)
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kf represents the preexponential factor, P, and Pp are the tunneling constants per
atom number, and n, and nj are, respectively, the atom number of the methylene chain
and amide group not involved in the peptide chain. ki, B, and B were taken to be 3
108 s7!, 1.2, and 0.5, respectively [75]. B’ is the tunneling constant per length for the
helical peptide chain, and it was reported to be 6.6 nm™ [11], n,=7, ng=2, and
dc=2.4 nm (0.15 nm for each residue in helical conformation). Furthermore, the dif-
ference found for the standard electron-transfer rates in the N- or C-terminal ferro-
cene-bound peptides suggested that the positive partial charge at the N-terminal of the
helical peptide in the SSL16Fc should have lowered the barrier height at the interface
between the gold and the peptide layers. The same asymmetry of electron transmis-
sion through helical peptides monolayers on gold surfaces was found by Bilewicz and
coworkers [50]. They studied the electrochemical properties of monolayer-modified
electrodes by cyclic voltammetry and impedance spectroscopy. In particular, they
have studied a polyalanine peptide, containing a cysteamine linker and a ferrocene
electrochemical probe. For electrochemical measurements, they have prepared a two-
component electroactive SAM, containing 0.05 mM of peptide diluted into 0.95 mM
of octadecanethiol. From cyclic voltammetry measurements performed in HCIO, sup-
porting electrolyte, the signal corresponding to the one-electron redox process of the
Fc/Fc* couple was clearly visible. They found a linear relationship between the peak
current and the scan rates, indicating that the electron-transfer process originates from
the surface-bound redox center. From the area of the cyclic voltammetric peak corre-
sponding to the oxidation of ferrocene centers, they found a surface coverage of
poly(r-alanine) peptide of 7.4 107'> mol/cm?. As the maximum coverage for this pep-
tide was estimated to be 3.1 107'° mol/cm?, the electroactive component within the
monolayer was calculated to be 2 %.
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Fig. 22 Tafel plot at low overpotentials obtained for mixed SAMs of electroactive polyalanine
and n-octadecanethiol (Reprinted with permission from Sek et al. [S0]. Copyright (2005) American
Chemical Society)
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From cyclic voltammetry they also determined the electron-transfer rate con-
stants by the Butler—Volmer formalism, from which they built a Tafel plot (Fig. 22).
By extrapolating of In k to zero overpotential, the standard rate constant for electron-
transfer through poly(L-alanine) was found to be k°=0.30 + 0.08 s~!. From this
value, by knowing the peptide length (28.5 A), they calculated a tunneling coeffi-
cient of 0.73 +0.01 A",

The asymmetry of the Tafel plot, where at a given absolute value of overpotential
the k. were higher than the k,, was ascribed to the helical macrodipole, which
favored the reduction process (negative overpotentials), where the electron-transfer
direction was from the C-terminal to the N-terminal (see Fig. 23).

The average ratio of cathodic and anodic rate constants k./k, was 1.43 + 0.07.
This value was not as large as that observed in solution by time-resolved measure-
ments for dichromophoric a-helical peptides ([21, 22] in this case the ratio ranged
from 5 to 27).

The same result was obtained by us some years after [86], studying a hexapep-
tide, in a 3,y-helical conformation. The system studied was composed of three Aib,
two Ala, and a 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-carboxylic acid
(TOAC) residues. TOAC is characterized by a nitroxide group, a stable radical spe-
cies that endow the molecule with peculiar redox activity. For this reason, TOAC
has been extensively used as a probe in electron spin resonance and fluorescence
studies. Cyclic voltammetry experiments performed at various sweep rates (Fig. 24a)
showed that the oxidative peak current, as obtained by subtraction of background
current from the oxidative peak current, linearly increased with the scan rate
(Fig. 24b). This result supported the idea that the observed redox peak arose from
the surface-bound TOAC moiety, because according to Fick’s law, for a diffusion-
limited process, a dependence on the square root of the scan rate would have been
observed. Some diffusion of the peptide TOAC moiety to the gold surface by bend-
ing motions of the peptide chain was also ruled out, because conformationally con-
strained helical peptides have a rigid cylindrical structure in a well-packed
monolayer. The measured standard potential (0.60 V vs. SCE) was very similar to
that determined in solution, suggesting that the peptide layer caused only a

Fig.23 Scheme
illustrating directional
dependence of electron-
transfer through
polyalanine derivative
(Reprinted with permission
from Sek et al. [50].
Copyright (2005)
American Chemical
Society)
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relatively small interfacial potential drop. At sufficiently slow scan rates, i.e., under
reversible condition, typically 0.1 V/s or slower, the cyclic voltammograms of the
monolayer were ideal: peak splittings (AE,) were very small (0 V within experi-
mental uncertainty + 4 mV) and the peak half-width was 90 mV. This meant that all
the redox centers were in a rather uniform environment, as that provided by an
ordered film, even for a so short peptide. A disordered electroactive monolayer
should have exhibited a set of formal potentials due to the varying dielectric con-
stant around the redox centers.
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From the slope of I, vs. v, a surface coverage of 14.4-10~"! mol/cm?* was obtained,
in good agreement with that estimated by assuming closely packed 3,,-helical pep-
tide, not vertically oriented. In order to characterize the electron-transfer process
from TOAC to the gold electrode, chronoamperometry experiments were carried
out. The through-space distance from the electrochemical probe to the gold surface
was estimated to be around 17 A. This value was obtained by considering the lipoic
acid in all-trans conformation and the peptide as a rigid 3o-helix (2.0 A rise per resi-
due) tilted with respect to the normal surface by 40°, as suggested by IR-RAS mea-
surements. Experimental I-t, i.e., current intensity vs. time, curves in the 2-200 ps
time region were collected at positive (TOAC oxidation) and negative (TOAC*
reduction) overpotentials, as shown in the Tafel plot reported in Fig. 25.

Interestingly, also in this case, the corresponding Tafel plot showed that the kgt
values obtained in oxidative (anodic, k,) conditions were always bigger than those
obtained in reductive (cathodic, k.) conditions. The electron-transfer standard rate
constant extrapolated at zero overpotentials was kr=9.2+0.1 s~!. This effect was
attributed to the electrostatic field associated to the helix dipole, which favored
anodic ET to the gold surface (in this case the peptide was bound at the
N-terminal). Nevertheless, the ratio between the anodic and cathodic rate con-
stants (k,/k.=1.19+0.05) was found to be definitely smaller than that observed in
a-helical peptides, probably because of the distorted H-bond pattern of 3,-helix
with respect to a-helix, giving a smaller molecular dipole, as theoretically supposed
by Shin and coworkers [12].

The dipole moment effect on the electron-transfer rate constant was investigated
by electrochemical methods also by Watanabe and coworkers [54]. They studied a
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series of octadecapeptides carrying a ferrocene moiety and a sulfur-containing
group at the respective terminals, in order to study the effect of dipole moment,
linkers, and chromophores at the side chains, on long-range electron-transfer rate
constants. An alternating sequence of L-alanine and a-aminoisobutyric acid in the
main chain was interrupted by insertion of L-glutamic acid derivatives at two posi-
tions (5 and 14). To evaluate the effect of the first parameter (dipole moment), two
peptides, differing only for the position of the ferrocene—lipoic acid groups along
the helix dipole, were studied: the SS18Fc peptide, with the disulfide group at the
N-terminal, and the Fc18SS with the same group at the C-terminal. This caused the
opposite direction of the dipole moment, when the peptides were immobilized on
gold. By cyclic voltammetry and chronoamperometry experiments, they found that
long-range electron-transfer over 40 A occurred and that the ferrocene standard
redox potential was independent of the dipole direction. Also in this case the elec-
trostatic field of the helix dipole was found to affect the ET process (kgp=42 s~! for
the peptide functionalized with ferrocenyl at the C-terminus, to compare with
ker=28 s7! for the N-terminus derivative).

Furthermore, a very weak dependence of the ET rates on the applied overpoten-
tial was found. This was again explained by a hopping mechanism through the
amide groups in the helical backbone. Accordingly, they calculated the ET rate
constants by assuming a pure SE mechanism (see section “Peptide Electron-
Transfer Theory”), and they found that these values were order of magnitudes
lower than those obtained by experimental data (i.e., 42 s~! and 28 s~! vs. 0.0005 s
for the two octadecapeptides investigated). Also in this case, the plausible hopping
sites were suggested to be the amide groups, because of their regular arrangement
and proximity (they are strongly electronically coupled). The carrier was con-
sidered to be a hole because the amide LUMO (-1.2 V) is so high that electron
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injection from the HOMO (-5.1 eV) of ferrocene to the amide group was supposed
to be very unlikely (Fig. 26).

Therefore, the overall ET was composed of three steps: from the ferrocene moi-
ety to the nearest amide group (—6.5 eV), electron hopping among the amide
groups, and electron-transfer to gold from the nearest amide group. This last pro-
cess can be further divided into two processes: i) ET from the amide HOMO level
(—6.5 eV) to the S-atom (-5.5 eV) and ii) ET from the S-atom to gold (-5.1 eV).
To investigate the effect of the linker on the ET rates, two peptides having different
linkers to connect the helical peptides to gold were analyzed. The substitution of a
phenylene spacer to a methylene group fastened the ET rate constant from 42 s™' to
257 s7', suggesting the electron-transfer between the sulfur atom and the molecular
terminal of the helical peptide to be the rate-determining step. As matter of fact, the
same peptide system, but having two pyrenil groups linked to the side chains of the
glutamic acid residues, did not show an appreciable increase of the ET rate con-
stants. This was explained considering that even if the two pyrenil groups could
facilitate electron-transfer through the peptide part, the rate-determining step was
not electron hopping among the amide groups, but the electron-transfer localized
near the gold surface. Based on these results, the authors predicted that the elonga-
tion of the peptide chain would not have severely reduced the electron-transfer
rate. They demonstrate this finding some years after, with a-helical peptide self-
assembled monolayers of 100-120 A length [63, 64]. The peptide building blocks
studied were composed of 4, 8, 16, 24, 32, and 40 consecutive Ala-Aib dyads, a
lipoic group at the N-terminus for immobilization on gold and a redox-active fer-
rocene unit at the C-terminus. They found that the tilt angle of the helices from the
surface normal decreased as the chain was elongated, suggesting the helices to be
more vertical (Fig. 27).

Blocking experiments performed in a ferrocyanide solution confirmed the well-
packed properties of all the monolayers. Cyclic voltammetry experiments showed a
reversible peak associated to the ferrocenium/ferrocene redox pair with a formal
potential of 0.45 V for all the SAM analyzed, clearly demonstrating that ET across
the peptide SAM over such long distances was possible, even for the longest peptide
[64]. Standard ET rate constants were determined by EIS measurements. By plot-
ting the log ki versus the film thickness determined by ellipsometric measure-
ments, a nonlinear relationship was obtained, indicating that the electron-transfer
was not solely governed by electron tunneling (Fig. 28a). They found instead a
linear relationship between the inverse of the square root of ki, versus the film
thickness (Fig. 28b), suggesting a hopping mechanism to be operative [76].

Theoretical calculation on the standard ET rate constants, able to perfectly repro-
duce the experimental data, showed that the hopping mechanism was dominant in
all the SAMs, even for the shortest one. As far as the longest peptide was concerned,
they found a wide variation in the kf values over 2 orders of magnitude (0.1-10s").
However, considering a pure superexchange tunneling mechanism, the ET rate con-
stants should have had insignificant values (1072-10~#7 s7!). For this reason this
finding was taken as a strong evidence of a predominant hopping mechanism, where
it is supposed that an electron was transferred from the N-terminal amide group to
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Fig.27 Chemical structures and schematic illustration of the helical peptides studied by [63]. The
helices represented as ribbons, and the other atoms are shown in a ball-and-stick format (Reprinted
with permission from Arikuma et al. [63]. Copyright (2010) Wiley)

the gold surface, generating an amide cation radical (hole) that hopped through the
amide groups to reach the C-terminus, which was at the end reduced from the fer-
rocene unit. Also temperature-dependent EIS measurements allowed to determine
the kgr at different temperatures, from which it has been possible to determine the
ET activation energies (E,=0.45-0.73 eV). These values compared very well with
the theoretical value of E,=0.63 eV obtained supposing a hopping mechanism,
while the value reported for the tunneling mechanism was 0.2 eV. The predominant
mechanism was thought to be the intramolecular pathway, which is characterized by
the hopping process across the amide sites of a single peptide chain. However, also
other pathways, such as through-space intermolecular mechanism and HB-mediated
ET, should have been considered. Interestingly, electrochemical impedance spec-
troscopy experiments indicated that as the capacitance increased, ET was acceler-
ated, showing saturation at high capacitances. This finding suggested that the loose
packing of the monolayer, due to the dynamics of some peptide chains, could posi-
tively affect the ET rate (activated hopping mechanism). The effect of structural
fluctuations on the electron-transfer processes was firstly proposed by Kraatz and
Mandal in 2006 [62]. In this contribution they have studied three
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18-residue-containing peptides, all equipped with a cysteine sulfhydryl group to
bind gold surfaces, one of them containing a ferrocene probe at the C-terminal
(Fc18L). The other two peptides differed for the position of the Cys residue: Ac18L
had it at the C-terminal, while 18Lac at the N-terminal. They prepared two kinds of
films: one consisting of Fc18L and Ac18L (5:95), where the dipole moment of all
the peptides was aligned parallel (SAM1), while the other (SAM?2) was composed
of Fcl8L, Acl8L, and 18LAc (5:45:50), where the peptide dipole moment was
antiparallelly aligned (Fig. 29).

By IR-RAS measurements, they found that the SAM?2 had a lower tilt angle,
consistently with a more compact packing of the peptides, due to the antiparallel
arrangement of intermolecular macrodipoles. Using cyclic voltammetry and
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Fig.29 Schematic depiction of peptide monolayers on gold surfaces, indicating the direction of
the peptide dipole moments. (a) SAM1 and (b) SAM2 (Reprinted with permission from Wain et al.
[77]. Copyright (2008) American Chemical Society)

electrochemical impedance spectroscopy, it was found that ET kinetics were slower
in the antiparallel (SAM2, kgr=1.2 107 s7!) than in the parallel (SAM1, kgr=1.5 1072
s7!) dipole arrangement, which was ascribed to a more restricted motion due to
stronger intermolecular interactions between opposing dipoles. EIS experiments
confirmed this hypothesis, giving a Rer and Rgop values higher for the SAM?2 if
compared to one obtained with the SAMI. Thus, a gated ET mechanism was pro-
posed, on the basis that the parallel dipole arrangement facilitates the ET between
the gold surface and the Fc label.

Interestingly, the CPE value, which accounts for the film thickness, was lower
for the SAM2, indicating higher film thickness or more compactness. The same
group found some year after, by electrochemical surface plasmon resonance, that
after ferrocene oxidation, SAM?2 gave rise to a great change in the peptide film
thickness due to the electrostatic repulsion between the electrogenerated ferroce-
nium moiety and the positively charged gold surface, while the greater permeability
of SAMI1 to electrolyte anions appeared to effectively neutralize this electrostatic
repulsion [77]. Furthermore, by measuring SPR angular changes concomitant with
potential steps, they have been able to determine the time scale for the redox-
induced film reorganization event, estimating the time constants for the anodic pro-
cess to be 16 and 6 ms for SAM1 and SAM2 (Fig. 30). These values indicated that
the SAM thickness changes were fast.

In the same year, after the introduction of molecular motion-assisted ET mecha-
nism, Takeda and coworkers proposed the occurrence of a molecular motion-
assisted hopping mechanism [60].

By electrochemical techniques, they investigated the effects of different constit-
uent amino acids, molecular packing, and molecular orientation, on long-range ET
through helical peptide monolayers. In particular, they used helical peptides with a
thiophenyl group at the N-terminus and a redox-active ferrocene moiety at the
C-terminus, immobilized on gold electrodes. They studied two hexadecamer pep-
tides, the primary sequence being composed of eight L-Leu-Aib and L-Ala-Aib
repeats. ET rate dependence on the peptide sequence was studied by investigating
ET from ferrocene to gold. The isobutyl side chain of Leu is much more bulky than
the methyl, making the peptide backbone separation in the Leu-Aib SAM larger
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than the separation obtained in the Ala-Aib SAM. However, the Leu-Aib peptide
formed a tightly packed monolayer through interdigitation among the Leu side
chains. CV, CA, and EIS measurements showed that ET was definitely slower in the
Leu-Aib peptide SAM than in the Ala-Aib peptide SAM. The standard ET rate con-
stants obtained from EIS experiments were 46+5 s™' vs. 603289 s, while those
from CA experiments were 50+ 6 s~! vs. 889+300 s~!. They prepared and character-
ized also three mixed monolayers wherein one component was the ferrocene-labeled
Ala-Aib peptide and the others were three different peptides, having different
lengths (8mer, 12mer, and 16mer) and lacking the ferrocene moiety. The bicompo-
nent SAMs had opposite dipole moments when immobilized on gold (Fig. 31). The
same electrochemical experiments, performed on the bicomponent Ala-Aib SAMs,
suggested also that ET was accelerated as the monolayer became less packed. The
monolayer regularity in terms of molecular orientation and packing was higher
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Fig.31 Schematic illustration of the helical peptide SAMs studied by [60] (Reprinted with per-
mission from Takeda et al. [60]. Copyright (2008) American Chemical Society)

roughly in the order of the monolayers mixed with 16mer > 12mer>no additive >8mer,
but the electron-transfer became faster in the opposite order.

A general conclusion was that more vertical orientation and tighter packing sup-
pressed the electron transfer. Furthermore, the observed ET appeared to occur inter-
molecularly. In the case of the Leu-Aib peptides, the slower ET rates were interpreted
as the result of the larger separation among the peptide chains, giving rise to less
probable electron tunneling or suppression of interchain hole hopping among the
amide groups. A tight molecular packing could have been also responsible for
dynamical effects, i.e., restricted molecular motions lowering the ET process in a
tight monolayer.

In the case of the bicomponent SAMs, three mechanisms were proposed to
explain this molecular dynamic effect: electron tunneling gated by global helix
motion, electron tunneling coupled to helix conversion from a-helix to 3;¢-helix,
and hole hopping assisted by local motion of the peptide chain (Fig. 32).

The first mechanism hypothesizes that collective vibrations of the C—C and C-N
bonds of the peptide backbone generate global motions such as stretching, contrac-
tion, bending, and other deformation of the helix. During these global motions, a
specific conformation enabling a strong electronic coupling through the peptide
bridge is formed, when an electron instantly tunnels to the bridge. However, the
authors excluded the global bending of the helix (Fig. 10a, right). In the second
mechanism, the electrostatic repulsion between the oxidized ferrocene cation and
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Fig. 32 Proposed mechanisms for the molecular dynamic effect on the electron-transfer, (a)
global motion-gated electron tunneling, (b) electron tunneling coupled with helix conversion from
a-helix to 3,p-helix, and (c) hole hopping among the amide groups assisted by a local backbone
motion (Reprinted with permission from Takeda et al. [60]. Copyright (2008) American Chemical
Society)

the positively biased metal surface should stretch the a-helix to 3,,-helix. The third
proposed mechanism was that, following ET from the nearest amide group to gold
via the sulfur atom to form a cation radical of the amide group (hole), the hole
hopped among the amide groups until it reached the ferrocene moiety. This was the
most probable mechanism, as confirmed by these groups in later publications. [63, 64].
Interestingly, Schlag and coworkers [78] demonstrated by theoretical calculations
that when a hole was transferred from one amide group to the other, the dihedral
angles of the peptide backbone notably changed to an active conformation. In this
conformation, there was a strong electronic coupling between the neutral and
cationic radical of amide groups, producing an almost negligible activation barrier.
Tight molecular packing of the monolayer might hinder local vibrational motions at
the interface and along the peptide backbone and reduce the hole hopping process,
thus lowering the overall ET rate.
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One year after the same group indicated that the hole hopping was the most
probable mechanism in helical peptide SAMs, investigating the effect of the linker
molecule on monolayer formation and long-range ET. The linker structure was
found to influence the monolayer orientation, packing, and dynamics. Furthermore,
by changing the linker, the ET rate through the SAM/metal junction may be modi-
fied, because of the different electronic coupling between the redox unit and the
electrode. In this work, helical peptides composed of sixteen residues, formed by
alternated sequences of L-Leu and Aib, and functionalized by a ferrocenyl redox
unit at the C-terminus and three different linkers at the N-terminus for immobiliza-
tion on gold were synthesized. The linkers were 4-thiobenzoic acid (NL), 3-fluoro-
4-thiobenzoic acid (FL), and 2-methoxy-4-thiobenzoic acid (ML) in the
acetyl-protected form. The ET rate constants were determined by CA and
EIS. Comparable values were obtained for the three different SAMs, i.e., kgr®
=11.3+1.9 s7'(NL), 12.0+2.0 s~! (FL), and 14.4+0.8 s~'/(ML). They supposed that
since the HOMOs of both the linkers and the amide groups are closer to the gold
Fermi level than their LUMOs, the ET process is thought to proceed via hole
charge carriers. Their theoretical calculations demonstrated that the hopping mech-
anism was more probable than electron tunneling. After that, this group always
supported hole hopping mechanism in peptide SAMs, even for an eight-residue
peptide [63], even if never excluding the potential influence of molecular dynamics
in this hopping process.

In 2004, also a series of oligoglycine derivatives (with two to six residues) func-
tionalized at the N-terminal with a Fc unit and at the C-terminal with a cysteamine
linker were self-assembled on gold in the presence of selected alkanethiols in order
to form mixed monolayers [56]. The properties and electron-transfer behavior of the
monolayer assemblies were investigated using electrochemical methods. It was
found that the rates of electron-transfer through oligoglycine bridges, determined
by dc cyclic voltammetry and AC voltammetry experiments, decreased rapidly with
distance only for short-chain derivatives (two—four amino acid residues), while for
the longer bridges (five and six amino acid residues), the distance dependence was
weaker, and the rates were faster than expected on the basis of extrapolation of the
rates for the shorter oligoglycines. Differences in the secondary structure of the
peptide bridges (from polyproline I to polyproline II) and the change of the electron-
transfer mechanism (from superexchange to hopping) were considered as possible
reasons of the increase of the rate constants observed for longer peptide chains. The
first interpretation was supported by theoretical investigations reported by Shin and
coworkers [12], while the second one by theoretical investigations of Petrov and
May [13]. Interestingly, some year after, Mandal and Kraatz studied a set of SAMs
of leucine-rich ferrocene-labeled helical peptides diluted in a ferrocene devoid pep-
tide and compared their results with the one obtained by Sek and coworkers on the
oligoglycine SAMs [31]. By CV and EIS they determined the kg;° values, and by
plotting these values vs. the peptide spacer length, they found a very weak distance
dependence. This has been interpreted as a result of a dynamically controlled tun-
neling mechanism. Furthermore, by combining their results with the one obtained
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Fig.33 ET rate constant

versus the D—A distance 10 -
for several oligoglycine
Fc-labeled peptides ([])
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Fcl10L, Fc14L, and Fc18L -

(O) (Reprinted with o
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and Kraatz [31]. Copyright i
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Society)

by Sek and coworkers [56], they obtained the graph reported in Fig. 33, where two
different ET regimes are clearly evident.

Similar observations were already reported and rationalized as a transition from
tunneling to hopping mechanism [29] following theoretical predictions [79, 80].
Herein, the authors ruled out the occurrence of a hopping mechanism, due to the
absence of reduction and oxidation CV signals of the peptide bridges, as already
observed by Kimura and coworkers [63]. They explained their results as a structural
change (from random to stable helices) with the increase in the length of the peptide.
Furthermore, they explained the low p value obtained (0.04 A-") in the helical confor-
mation as an effect due to the presence of several H-bond network in this conforma-
tion, as suggested by Maran and coworkers [35]. However, the § values reported in
the literature for helical peptides in solution were higher (f = 0.5-1.3). The authors
gave two different explanations for this experimental result: one is the hypothesis of a
slower equilibrium between the a- and 3,,-helical conformers in the SAM if com-
pared to the one in solution, the rate of formation of the more conductive 3,,-helical
conformer being related to the ET transfer observed, and the other is the decrease of
motion, due to the more limited MD in the longer helical peptides (because of their
larger van der Waals interactions) which reduced the ET rate constants.

Despite the big efforts made in this field, the picture appears still confusing.
Anyway, the main conclusions obtained at this point from electrochemical studies
on peptide SAMs are similar to the one obtained in solution: when the electron-
transfer distance is short and the driving force is large, tunneling prevails. On the
other hand, when a peptide bridge is long and the driving force is small, a hopping
mechanism should take over tunneling. However, independently of the mechanism,
in the last years, the importance of molecular dynamics has been emphasized, which
can strongly influence the ET rate constants. For this reason also on surface the
multiple pathway approach which takes into account peptide dynamics seems to be
the more appropriate approach to explain experimental results.
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Photocurrent Generation Measurements

Photoinduced electron-transfer experiments on peptide SAMs covalently linked to
gold electrodes via Au-S linkages have been extensively investigated by Kimura
and coworkers.

In a first report to this field, they synthesized a tridecapeptide, composed of only
Ala-Aib dyad, functionalized at the N-terminus with an N-ethylcarbazolyl (ECz)
group and at the C-terminus with a disulfide group [81]. The primary sequence was
chosen for the high propensity of Ala-Aib to attain helical secondary structures, the
disulfide group (introduced as lipoic acid) for covalent linking to the Au electrode
and the N-ethylcarbazolyl as a photosensitizer group. The same peptide scaffold
was synthesized, inverting the position of the ECz and lipoic acid groups, in order
to investigate the effect of the electrostatic field associated to the helical macrodi-
pole, on the PG efficiency and SAM packing. They found that when the peptide
SAM was linked to gold through the N-terminus, the coverage of the gold electrode
was larger. This is because the Au*—S~ linkage is stabilized, when the electrostatic
field of the helical macrodipole is directed from the C-terminus (negative) to the
N-terminus (positive).

A standard three-electrode conFiguration has been used to perform PG measure-
ments, with the gold-coated substrate acting as the working electrode, Ag/AgCl as
the reference electrode, and a Pt wire as the auxiliary electrode. In solution, an
electron donor (MV?*) or acceptor (TEOA) has been used. They found that with the
electron donor in solution, the PG efficiency was higher when the peptide helix
dipole pointed to the aqueous phase, so to accelerate the gold = ECz ET, while with
an electron acceptor, the contrary happened. The second step in cathodic and the
first step in anodic conditions most likely represent the rate-limiting steps of photo-
current generation because of the long distance between the gold surface and the
photoactive probe (experimental section “Photocurrent Generation Measurements”).
The decrease of anodic photocurrent was observed reducing the bias to the gold
electrode, reaching an apparent zero current status at certain negative potential. The
origin of this decrease has been already explained in section ‘“Photocurrent
Generation Measurements”. Interestingly, at applied potentials more negative than
zcp, a reverse in the current direction was observed (cathodic current), indicating
that zcp corresponds to a balance situation between cathodic and anodic currents.

The B values experimentally obtained for the two peptide SAMs were lower
(0.58-0.60 A1) compared to those obtained with alkanethiol SAMs of comparable
thickness (0.9-1.1 A-).

The same authors published also on PG experiments carried out on 3;y-helical
nonapeptide SAMs having as chromophore the photoactive naphthyl units [82].
They synthesized four different peptides, all composed of three Ala-Aib-Aib triads
and differing only in the number of Ala residues functionalized with a naphthyl unit:
none in the reference compound (SSA3B), one at the N-terminus in SSNA2B, one at
the C-terminus in SSA2NB, and three in SSN3B. They observed a significant photo-
current value only in the case of the SSN3B SAM (2.1 % efficiency) where the three
naphthyl groups are spaced in a linear array along the helical axis with face-to-face
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Fig.34 Photocurrent generation upon light irradiation at 280 nm (0 V applied potential) in 50 mM
TEOA solution (Reprinted with permission from Morita et al. [81]. Copyright (2000) American
Chemical Society)

orientation. No anodic photocurrent was generated by the SSA3B or SSNA2B
SAMs, while only a weak value was detected for the SSA2NB SAM (Fig. 34).

These results evidently assess the role of the naphthyl group and its position in
the photoinduced ET process. In fact, the SSNA2B peptide formed a densely packed
SAM, not able to generate a photocurrent signal. This is because the naphthyl group
at the N-terminus could not be reached by the TEOA electron donor through its dif-
fusion across the SAM. The high photocurrent efficiency obtained with the SSN3B
SAM, instead, supported the idea that the ET process was speeded up by the elec-
tron hopping between the linearly arranged naphthyl groups. Furthermore, addi-
tional electrostatic dipole effects and HB pathways of the helical conformation
should have promoted this kind of ET mechanism (Fig. 35).

In the same year Yasutomi et al. designed a molecular photodiode system, able
to switch the current direction from anodic to cathodic, by choosing the excitation
wavelength [71]. The SAM was composed of two types of helical peptides on a gold
surface, carrying two different photoactive chromophores that could be selectively
excited. As already shown in the previous paragraph, helical peptides having a chro-
mophore can act as a molecular photodiode, controlling the direction of the induced
photocurrent through the electrostatic field generated by the helix dipole. Figure 36
shows the chemical structures of the two hexadecapeptides used: they were com-
posed of alternating sequences of L- or D-leucines and Aib residues. L- and D-
LEUCINES were chosen in order to favor phase separation in their mixed SAMs, so to
reduce photoinduced ET between the ECz and Ru groups. The first peptide,
SSL16ECz, carried an ethylcarbazolyl (ECz) group at the C-terminus and a
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Fig.35 Schematic representation for anodic photocurrent generation by the SSN3B SAM in the
case that the naphthyl group at the site nearest to gold is excited by photoirradiation (Reprinted
with permission from Yanagisawa et al. [82]. Copyright (2004) American Chemical Society)

disulfide group at the N-terminus, while the second one, Rul16SS, carried a disul-
fide group at the C-terminus and a tris(2,2’-bipyridine)ruthenium(II) complex (Ru)
at the N-terminus. In this mixed SAM, the dipole moment of Rul16SS pointed from
the gold to the monolayer surface, while that of SSL16ECz was directed in the
opposite direction. As already discussed, Et along the dipole moment in a helical
peptide is more rapid than that against the dipole moment. Therefore, the excitation
of the ECz group in the SSL16ECz peptide produced an anodic photocurrent (the
ET direction is from the SAM outer surface to gold), while the excitation of the Ru
group in the Rul16SS peptide produced cathodic photocurrent (the ET direction is
from gold to the monolayer surface) (Fig. 36).

In both cases, the rate-determining step was ET between the chromophore and
gold that was evaluated to be of the order of 10° s!, which was much lower (about
5 orders of magnitude) than that for the diffusion-controlled reaction between the
chromophore and the redox species in solution. Inset a of Fig. 36 shows the time
course of PG with alternating photoirradiation of ECz (at 351 nm, anodic current)
and Ru groups (at 459 nm, cathodic current). The action spectrum, shown in inset b
of Fig. 36, was clearly determined by the overlap of the absorption spectra of ECz
(from 310 to 400 nm) and Ru (from 400 to 520 nm).

Yasutomi at al. [71] showed that the photocurrent direction could be also revers-
ibly switched between cathodic and anodic, by changing the pH of the solution. To
do that, they synthesized a helical hexadecapeptide, composed of eight sequences of
L-Leu-Aib dyads, and functionalized at the C-terminus with a L-3-(3-N-
ethylcarbazolyl)alanine group and at the N-terminus with a disulfide group. Working
at low pH, upon photoexcitation of ECz, in an aqueous solution containing TEOA,
they observed anodic photocurrent. The photoinduced ET from ECz* to gold was
accelerated by the electrostatic field associated to the helix dipole. Working at high
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at low pH

at high pH

Fig.37 Chemical structure of the ECZCOOH peptide and schematic illustration of the photocur-
rent switching due to the solution pH change, in the self-assembled monolayer composed of the
ECzCOOH molecules (Reprinted with permission from Yasutomi et al. [88]. Copyright (2005)
American Chemical Society)

pH they observed an enhancement of this effect, due to the negative charge attained
by the terminal carboxylate group. The IPCE values found at pH=10 were 2.0 %
and 0.07 % for the carboxylate and esterified (~COOE?t) peptide SAMs, respec-
tively (Fig. 37). The pH-induced switch of photocurrent direction was completely
reversible.

One year after, Kraatz and coworkers showed that significant photocurrent signals
and pH switching could be generated even in the absence of peptide films or antenna
probes by using a laser excitation source [83]. They explained these results by ascrib-
ing most of the measured photocurrent to a simple photothermal effect, i.e., a poten-
tial drop caused by heating of the diffusion layer at the electrode interface upon
illumination. Indeed, in their experiments, they were able to demonstrate that a pho-
tocurrent signal could be obtained by irradiating a bare gold electrode with a laser.
They also claimed that the enhanced photocurrent signal measured in the presence of
a chromophore-containing peptide could be correlated to the increase in temperature
due to UV absorption of the chromophore. Our group significantly contributed to this
debate, by studying photocurrent generation properties of a peptide-based self-
assembled monolayer composed of two helical peptides [51]. Specifically, a pyrene-
containing octapeptide, devoid of any sulfur atom (A8Pyr), and an hexapeptide,
functionalized at the N-terminus with (S,R) lipoic acid, for binding to gold substrates
(SSA4WA) via an Au-S linkage, were employed. Both peptides investigated attained
a helical structure, because they were almost exclusively formed by strongly folding
inducer C*-tetrasubstituted a-amino acids. We demonstrated that the two peptides
generated a stable supramolecular nanostructure (a densely packed bicomponent
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Fig.38 Schematic
representation of the
bicomponent SAM. The
SSA4WA peptide was
immobilized onto a gold
surface by the N-terminal
lipoic acid, while the
AS8Pyr was embedded into
the SSA4WA palisade in
an antiparallel orientation

peptide monolayer), where the A8Pyr was incorporated into the SSA4WA palisade
by exploiting helix - - - helix macrodipole interactions (Fig. 38).

To demonstrate the presence of the A8Pyr peptide into the SAM, we performed
photocurrent generation measurements in the Pyr absorption region using as electro-
Iyte an aqueous solution of TEOA. Upon illumination, an intense anodic current was
measured (Fig. 39a). Remarkably, the action spectrum, i.e., the photocurrent response
vs. the excitation wavelength, of the mixed SAM almost perfectly overlapped the
excitation spectra of Pyr and Trp measured in ethanol solution using the same slit
opening conditions (15 nm) (Fig. 39b). It is worth noting that both the bare gold
electrode and the electrode modified by a peptide SAM devoid of the Pyr antenna
group (SSA6) generated just a very small photocurrent signal under the same experi-
mental conditions. Interestingly, the IPCE% value for the bicomponent A8Pyr/
SSA4WA SAM at 1=340 nm (Pyr absorption maximum) was found to be 0.02 %,
while the SSA6-modified electrode showed a value ten times lower. We described
our results by ascribing to photothermal effect only the very weak signal measured
in the case of the bare gold electrode and the peptide film without Pyr (SSA6). In the
case of the bicomponent SAM, instead, a very high photocurrent signal in correspon-
dence of the Pyr absorption spectrum was obtained, although in our experiment,
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Fig.39 (a) Time course of a 20
the photocurrent of the
bicomponent SAM in an
aqueous TEOA solution at
0V vs. Ag/AgCl upon
photoirradiation at
different wavelengths
(every 10 nm from 295 to
355 nm) at room
temperature. (b)
Photocurrent action
spectrum of the gold
electrode modified by
deposition of the
bicomponent A8Pyr/
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excitation was achieved by using a Xe lamp instead of a laser source. To clarify the
origin of this signal, we performed photocurrent generation measurements at the
potential at which SSA6 had a zero current response (—0.15 V). This potential value
corresponded to the maximum entropy of formation of the double layer and where
the photothermal effect should have been zero [83]. Under these conditions, a high
photocurrent signal was also obtained, which indicated that the photothermal effect
could be safely considered only as a minor contribution to the whole photocurrent.
Moreover, by a combination of electrochemical and spectroscopic techniques, we
have determined the composition of the bicomponent SAM on the surface. In par-
ticular, the amount of Au-S linkages from the sulfur-containing peptides was quanti-
fied from reductive desorption of the peptide-based SAM, while the amount of
AS8Pyr was estimated by fluorescence spectroscopy after electrochemical desorption.
The SAM stoichiometry was found to be SSA4WA/A8Pyr 2:1. Since the initial con-
centration ratio of the deposition solution was 1:1, we would have expected the same
surface stoichiometry. But the formation of a SAM is a dynamical process, which
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requires quite a long time (18 h). Rearrangement and favorite linkage of the thiol-
functionalized peptide probably would lead the final composition to 2:1, as a result
of the balance between the quite strong Au—S bond (35 kcal/mol) and the weaker
electrostatically driven peptide—peptide interactions.

We also studied the photocurrent generation properties of the monocomponent
SSA4WA peptide [44, 85] and of an Aib-based hexapeptide functionalized with a
pyrene chromophore at the C-terminal and a lipoic acid at the N-terminal [84].
Interestingly, despite the shortness of the primary chain, these peptides were able
to form a tightly packed SAM, where the quite short distance between the chromo-
phore and the gold surface allowed an efficient electron-transfer. The introduction
of Aib residues in the peptide chain was responsible for the rigid 3,,-helical struc-
ture attained by the hexapeptides, making it possible for us to modulate the separa-
tion distance between the gold surface and the photoactive group. Both the Trp (W)
amino acid and the pyrene chromophore were used as photoactive molecules for
photocurrent generation measurements. The photoexcitation of the sensitizer gave
rise to a photoinduced current (antenna effect), when a gold electrode coated by the
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Fig.40 On—off cycles of electronic current upon photoexcitation of the Py unit in SSA6Py at differ-
ent excitation wavelengths (A,,,,=340 nm). The electronic current intensities depend on the pyrene
absorption spectrum, as shown by the excitation spectrum of SSA6Pyr reported in the inset. Inset:
photocurrent action spectrum and excitation spectrum of SSA6Pyr in the same experimental condi-
tions (slit width=15 nm). For comparison, the photocurrent action spectrum of the bare gold elec-
trode is also reported (Reprinted with permission from Gatto et al. [85]. Copyright (2011) Wiley)
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chemisorbed peptide layer was immersed in an electrolytic solution containing
TEOA or methyl viologen. However, the recorded anodic photocurrent values
were in both cases higher than the cathodic one. We explained this result as the
effect of the electric field generated by the helical macrodipole on the ET process.

The anodic current generated upon photoexcitation of the SSA6Pyr at different
excitation wavelengths in the presence of an electron donor (TEOA) in solution is
shown in Fig. 40. The photocurrent efficiency was found to be equal to 0.05 %
(at A, =340 nm).

In the inset of Fig. 40, the action spectrum of SSA6Pyr, which closely over-
lapped the pyrene absorption spectrum recorded under the same experimental con-
ditions (slit width =15 nm), was also reported.

We played a lot with peptides, comparing the PG efficiency of several mono- and
bicomponent peptide SAMs on gold substrates [85].

The antenna effect of the pyrene sensitizer in different peptide systems was veri-
fied by measuring PG for a series of bicomponent peptide SAMs (1:10 SSA6Pyr/
SSA6, 1:1 A8Pyr/SSA4WA, 1:1 A8Pyr/SSAG). Interestingly, the IPCE% measured
upon excitation of the pyrene group is definitely higher for the chemisorbed
SSA6Pyr SAM with respect to the SAMs containing the adsorbed A8Pyr peptide.
To investigate in detail the role of the peptide/gold junction in determining the effi-
ciency of the ET process, the dependence of the anodic photocurrent on the applied
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Fig. 41 Photocurrent generated by SSA6Pyr (full circles), A8Pyr/SSA4WA (full triangles), or
SSAG (full squares) peptide SAMs by excitation at 340 nm as a function of the applied bias poten-
tial (Reprinted with permission from Gatto et al. [85]. Copyright (2011) Wiley)
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potential was analyzed at the pyrene maximum excitation wavelength (A=340 nm)
for the SSA6Pyr and the A8Pyr/SSA4WA peptide SAMs (Fig. 41). As control
experiment, the same analysis was also carried out for the SAM formed by the
pyrene-lacking peptide SSA6.

The slope of the photocurrent/voltage (P/V) graph depends on the coupling
between the electronic state density of the metal and the HOMO/LUMO orbitals of
the antenna chromophore, mediated by the peptide bridge. Unfortunately, the observed
linear dependence of the photocurrent on the applied potential does not allow to dis-
tinguish between a diffusive hopping mechanism and a coherent tunneling SE,
because both ET models should show this linear dependence at low voltages.

Figure 41 shows that the slope of the P/V curve measured for the SSA6Pyr SAM
was definitely steeper than that measured in the PyA8/SSA4WA SAM, a finding
ascribable to the different types of contacts established by the two SAMs at the
peptide/gold interface (junction effect). The Au®*—S% junction allowed a through-
bond ET pathway, with a relatively low ET activation barrier at the gold—peptide
interface. This pathway was not operative for the A8Pyr peptide, which lacked the
disulfide group. In the latter case, a direct Pyr* — Au ET across the A8Pyr pep-
tide backbone would have necessarily required a through-space step from the pep-
tide N-terminus to the gold surface, an event characterized by high activation
energy. Furthermore, the helix dipole of A8Pyr in the bicomponent SAM pointed to
the SAM outer surface, so to reduce ET in that direction. A possible alternative
pathway may have proceeded through initial intermolecular ET from the excited
Pyr to Trp (Pyr* + Trp — Pyr* + Trp™) or to the amide site of a nearby peptide chain,
followed by ET across the Au-S linked peptide chain from Trp~ or the amide radical
anion to gold. This second step should have been also favored by the electrostatic
field generated by the peptide helix. In agreement with this idea, the photocurrent
efficiency of the A8Pyr/SSA6 SAM (ICPE=0.006 %) was found to be definitely
lower than that one measured for the ASPyr/SSA4WA SAM (IPCE=0.02 %), sug-
gesting a predominant contribution of the Trp group to the intermolecular ET pro-
cess. In any case, the photocurrents generated by both A8Pyr/SSA6 and A8Pyr/
SSA4WA SAMs were definitely greater than that measured for the SSA6 SAM
(IPCE=0.002 %), emphasizing the role of pyrene as photosensitizer even in the
case of a peptide not covalently linked to the gold surface.

Conclusions

In this chapter, the most used electrochemical methods for the study of peptide
SAMs are described and analyzed, together with the experimental results on the
studies of these systems. Also a brief description of basic theoretical models of ET
across peptide matrices is provided, in order to better understand the discussion in
the experimental section. Most of the researchers agree that peptides are very good
electron mediator matrix, enabling electron-transfer over long distances. However,
ET parameters depend on several factors, such as the peptide secondary structure
and length, the molecular dynamics of the system, and the presence of hydrogen
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bonds. Herein, we have focused our attention especially on helical peptides, due to
their good self-assembly and rectification properties, which enables ET over long
distances. There are two mechanisms proposed: one is electron tunneling, which
prevails when the ET distances are short, and the other prevails at longer distances,
beyond a critical molecular length, and is characterized by a very shallow distance
dependence. For this last feature, two mechanisms have been proposed: a hopping
mechanism with the amide groups as hopping sites and molecular dynamics-
associated electron tunneling. Probably both mechanisms are present.

Although the tunneling factor of helical peptides is larger than those of phenyl-
ene ethynylene or phenylene vinylene oligomers, which are intensively studied at
the present moment as molecular wires, helical peptides have several advantages for
the development of practical molecular electronic components in terms of well-
specified molecular structure, facile molecular design and arrangement of func-
tional groups along the molecule, and peculiar self-assembling properties to be
suitably exploited in the building up of nanostructures.
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