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ABSTRACT: Photoinduced electron transfer (PET) experi-
ments have been carried out on peptide self-assembled
monolayers (SAM) chemisorbed on a gold substrate. The
oligopeptide building block was exclusively formed by Cα-
tetrasubstituted α-aminoisobutyric residues to attain a helical
conformation despite the shortness of the peptide chain.
Furthermore, it was functionalized at the C-terminus by a
pyrene choromophore to enhance the UV photon capture
cross-section of the compound and by a lipoic group at the N-
terminus for linking to gold substrates. Electron transfer across
the peptide SAM has been studied by photocurrent generation
experiments in an electrochemical cell employing a gold substrate modified by chemisorption of a peptide SAM as a working
electrode and by steady-state and time-resolved fluorescence experiments in solution and on a gold-coated glass. The results
show that the electronic flow through the peptide bridge is strongly asymmetric; i.e., PET from the C-terminus to gold is highly
favored with respect to PET in the opposite direction. This effect arises from the polarity of the Au−S linkage (Auδ+−Sδ‑, junction
ef fect) and from the electrostatic field generated by the peptide helix.

■ INTRODUCTION

Electron transfer (ET) studies on peptide scaffolds function-
alized with ET donor (D)−acceptor (A) pairs have shown that
peptides are able to promote long-range ET with great
efficiency,1−4 especially when the peptide backbone attains a
helical conformation.5,6 In particular, the amide n and π orbitals
are thought to represent the stepping stones on the pathway
that electrons pursuit flowing from the D to the A states across
the peptide chain.7−10 However, although ET studies on D−
peptide−A systems have almost clarified the molecular details
of ET in solution, an understanding of such processes in hybrid
systems composed of electroactive peptides immobilized on
conductive or semiconductive surfaces is still inadequate.11,12

Peptide-based self-assembled monolayers (SAMs) chem-
isorbed on a gold substrate through Au−S linkages represent a
suitable model for improving our knowledge of ET at the
interface between an organic layer and an electrode surface. For
this reason, peptide SAMs have been extensively investigated by
microscopy techniques with atomic resolution, and spectro-
scopic, electrochemical and photoelectrochemical meth-
ods.13−31 This intense research effort has been shedding light
on the role of structural (i.e., the secondary structure attained
by the peptide matrix) and electronic effects (i.e., the coupling
between the D and A states through the electronic states of the
peptide bridge) in determining the ET efficiency.

In this contribution, the results of photocurrent generation
(PG) experiments, i.e., the production of a net electronic
current upon electromagnetic excitation, carried out on a SAM
formed by conformationally constrained peptide building
blocks are presented. The rationale for using this unique class
of peptides is that the rate of photoinduced electron transfer
(PET) exponentially decreases with increasing the distance of
the photoactive group from the electrode. On the other hand,
photoexcited chromophores too close to the gold surface are
generally rapidly quenched by energy transfer and/or fast
charge-recombination to the metal of the photoinduced charge-
separated pair. An optimal distance should be therefore
attained, balancing accurately the efficiency of competitive
electron and energy-transfer processes and maximizing the
lifetime of the charge-separated state. Unfortunately, when
short alkanethiols or oligopeptides formed by the coded amino
acids are used, disordered organic films are generally obtained,
because of the large number of different conformations
populated by the polymer chains. In this case, most of the

Special Issue: Franco Gianturco Festschrift

Received: April 17, 2014
Revised: June 5, 2014
Published: June 5, 2014

Article

pubs.acs.org/JPCA

© 2014 American Chemical Society 6674 dx.doi.org/10.1021/jp503791w | J. Phys. Chem. A 2014, 118, 6674−6684

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
G

L
I 

ST
U

D
I 

D
I 

T
O

R
 V

E
R

G
A

T
A

 o
n 

M
ar

ch
 1

3,
 2

02
3 

at
 1

5:
20

:5
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

pubs.acs.org/JPCA


excitation energy is lost by energy transfer to the surface, due to
the high mobility of the polymer chains that enables the
chromophores to reach contact distances with the metal
surface.
It is well-known that the electronic conductivity of peptides

is strongly enhanced when the peptide chain is folded in a
helical structure.5,6 In this case, the dipole moments associated
with each peptide bond sum up to give rise to a large
macrodipole, the electrostatic field of which heavily affects the
direction and the efficiency of the ET process.32−34 The
demanding and, in principle, conflicting requirement to build
up helically ordered oligopeptides has been accomplished by
peptide chemistry through the synthesis of noncoded amino
acids, showing highly reduced conformational mobility (peptide
foldamers).35,36 This is the case for Cα-tetrasubstituted residues,
i.e., α-amino acids with an alkyl group substituting the
hydrogen atom on the Cα. The α-aminoisobutyric acid
(denoted as Aib or U in a three- or single letter code,
respectively), characterized by a gem-dimethyl substitution on
the Cα atom, is the prototype of these exotic amino acids.37,38

The peptides investigated in this contribution are exclusively
formed by Aib residues. Aib-rich peptides have been shown to
populate predominantly 310- or α-helical structures depending
on the length of the peptide chain, the transition between the
two secondary structures being usually found for a number of
residues comprised between n = 7 and 8.36−40 The peptides
investigated here were functionalized at the N-terminus with
the lipoyl moiety for stable bidentate binding on gold, by
exploiting the strong Au−S affinity (≈40 kcal·mol−1) between
the gold surface and the lipoyl disulfide group. Interestingly,
SAMs formed by peptides functionalized with a thiol group at
the N-terminus and chemisorbed on gold surfaces have shown
improved stability with respect to thiol C-terminated peptides,
as a result of the electrostatic field associated with the peptide
helix and the polar character of the Au(δ+)−S(δ−) linkage.41,42
A further issue to be faced in this type of studies is to enhance
the efficiency of the photon capture cross-section of the peptide
SAM. The optical transitions of the peptide group occur in the
far UV region, peaking at 220 nm for the weak n → π*
transition and 190 nm for the allowed π → π* transition.
Unfortunately, at these wavelengths, direct photoemission from
gold largely predominates, which inhibits the chance to
investigate the conductive properties of the peptide spacer by
PG experiments. For this reason, the peptide under scrutiny in
this work was further functionalized at the C-terminus with a 1-
pyrene (Py) chromophore, characterized by strong absorption
and high-fluorescence quantum yield in the near UV−vis
regions.
In the following, we will use the acronyms SSU6Py for the

pyrene functionalized hexapeptide and SSU6 for the same
(Aib)n homohexapeptide lacking the pyrene chromophore
(Scheme 1). The latter was employed as a reference compound
in the PG experiments. The capacity of SSU6Py to form a
densely packed SAM on a gold surface was already
demonstrated, as well as its electrochemical and photocurrent
properties under anodic conditions, i.e., ET from the pyrene
excited state to gold in the presence of an electron donor in
solution.24,25 Very recently, a TiO2/Au/SSU6Py photoactive
unit was implemented in a prototype dye-sensitized solar cell,
showing enhanced incident photons-to-current efficiency
(IPCE).43 Here, we report on a detailed comparison between
the results of PG experiments carried out in the presence of an
electron acceptor (anodic current conditions) or an electron

donor (cathodic current conditions) in solution. These
experiments have been performed in a Graẗzel-like electro-
chemical cell, using a gold electrode modified by chemisorp-
tions of an SSU6Py or an SSU6 SAM as a working electrode.
Steady-state and time-resolved fluorescence experiments have
been also carried out in solution and on supported peptide
films to prove the excited-state origin of the ET process and
measure the ET rate constants associated with the Py*/electron
donor and Py*/electron acceptor interactions.

■ MATERIALS AND METHODS
Materials. Synthesis and characterization of the peptides

SSU6Pyr and SSU6 were already reported elsewhere.24,25

Spectrograde solvents (Carlo Erba, Milan, Italy) were
exclusively used for all experiments. Water was distilled and
passed through a Milli-Q purification system. Other chemicals,
triethanolamine (TEOA) (Fluka, Buchs, Switzerland), potas-
sium chloride, sodium sulfate (Carlo Erba, Milan, Italy),
potassium ferricyanide and methylviologen (MV2+) dichloride
(Aldrich, Buchs, Switzerland) were all of reagent grade quality
and used without further purification.

Preparation of Self-Assembled Peptide Thin Films.
Gold electrodes were etched for 15 min in a freshly prepared
piranha solution (2:1 sulfuric acid/H2O2, v/v), rinsed with
bidistilled water and ethanol (5 times each) before immersion
in the peptide solution for the SAM deposition. SAM-coated
electrodes were prepared by dipping a gold electrode into a 1
mM ethanol solution of the peptide in a N2 atmosphere. After
18 h, the electrode was repeatedly rinsed with ethanol to
remove physically adsorbed peptides from the SAM and dried
for 3 min under a gentle argon flow. The surface coverage of
the peptide film was estimated by cyclic voltammetry (CV)
measurements in 0.5 M NaOH, integrating the irreversible
reduction peak of the Au−S linkage (−0.9 V).44 The effective
surface area of the Au electrode was determined by CV
measurements quantifying the discharge of a K3[Fe(CN)6]
standard solution by following the Randles−Sevcik equation:45

ν=i nFAC nF D RT0.4463 ( / )p
1/2

where ip is the current maximum, n is the number of electrons
transferred in the redox event, A is the electrode area in cm2, F
is the Faraday constant, D is the ferricyanide diffusion
coefficient (7.2 × 106 cm2/s), C is the electrolyte concentration,
and ν is the scan rate. By plotting ip as a function of ν1/2, we
determined the electrode active surface (0.90 ± 0.05 cm2) and
found it to be 3.6 times larger than the geometric surface area
(0.25 cm2) of the electrode.

Scheme 1. Chemical Structures and Acronyms of the Two
Peptides Investigated
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Electrochemistry. Cyclic voltammograms were obtained
by using a PG-310 potentiostat (Heka Elektronik, Lambrecht/
Pfalz, Germany). CV experiments were carried out at room
temperature, adopting a standard three-electrode configuration
with a SAM-coated gold plate as the working electrode, a
platinum wire as the auxiliary electrode, and Ag/AgCl as the
reference electrode. Blocking experiments were carried out with
a 0.5 mM K3Fe(CN)6 solution in 1 M KCl at a sweep rate of 50
mV·s−1. Photocurrent measurements were performed at room
temperature using the three-electrode setup described above,
by using Na2SO4 (0.1 M) as the supporting electrolyte and
TEOA (at 50 mM concentration) as the electron donor in
solution. Otherwise, 50 mM MV2+ ethanol solutions were used
for PG experiments under cathodic conditions. In these
experiments, the SAM-modified working electrode was
irradiated with a Xe lamp (150 W) equipped with a
monochromator and the generated photocurrent was detected
by the voltammetric analyzer described above. The IPCE value
was determined by using the following equation:46

λ
= i

I
IPCE (%)

100 (A/cm ) 1240
(W/cm ) (nm)

2

2

where i is the measured photocurrent, I is the incident light
power density, and λ is the incident wavelength (340 nm). The
intensity of the incident light was evaluated by azobenzene
actinometry.47

Fluorescence Spectroscopy. Emission spectra at micro-
molar concentrations were obtained on a Spex-Fluoromax2
(Horiba Jobin-Yvon Instruments, Longjumeau, France) spec-
trofluorimeter, equipped with a 150 W xenon lamp operating in
single photon counting (SPC) mode. Samples were excited at
340 nm and the fluorescence spectra recorded from 360 to 500
nm using a bandwidth of 5 nm for both excitation and emission
slits. Fluorescence time decays were obtained by use of an EAI
Life-Spec-ps (Edinburgh Analytical Instruments, Edinburgh,
U.K.), operating in the SPC mode (λexc = 340 nm; λem = 397
nm; time interval = 500 ns; channels = 2048; excitation/
emission bandwidths = 8 nm). Excitation at λ = 340 nm was
obtained by an IBH NanoLED light emitting diode (Horiba
Jobin-Yvon Instruments) with 1 ns pulse duration. Exper-
imental time decays were deconvoluted by the pulsed excitation
profile by standard software provided by EAI and based on
discrete multiexponential analysis.

■ RESULTS AND DISCUSSION
Cyclic Voltammetry (CV). Formation of SSU6Py and

SSU6 SAMs on a gold electrode was checked by CV
measurements in the presence of an electrochemical standard
redox species [K3Fe(CN)6, E°(0.36 V)]. The chemisorption of
the peptide film passivates the gold surface, inhibiting the
discharge of the redox pair to the electrode (blocking
experiment). The decreased activity of the redox pair can be
considered as an estimate of the coverage extent and the
packing density of the peptide film on the gold surface. This
effect is clearly shown in Figure 1, where the voltammograms
measured for the bare gold electrode and the electrode
modified by the SSU6Py and the SSU6 SAMs are reported.
The residual current intensity measured using the modified
electrodes can be ascribed to the capacitive current caused by
the electrolyte (KCl) diffusion to the electrode. This result also
means that the peptide SAM did not completely passivate the
electrode surface, allowing for the formation of a double-layer

at the organic/metal interface as a consequence of the applied
voltage.
It should be stressed that the structure of the double-layer at

the electrode surface is strongly affected by the peptide SAM,
for two reasons: (i) the polar nature of the Au−S interaction,
which confers to the Au−S bond a marked electrostatic
character,48 and (ii) the electrostatic field associated with the
peptide helix macrodipole.28,49,50 As already claimed in the
Introduction, the helix itself, due the polar character of the
peptide bond (3.6 D), gives rise to an electrostatic field that
deeply affects the local electrochemical properties of the
peptide layer and, as a result, the efficiency of ET across the
peptide chain. CV experiments also showed that SSU6Py is
subjected to an irreversible oxidation reaction at +1.0 V applied
potential (Supporting Information, Figure SI1). Subsequently, a
new peak at 0.2−0.4 V can be observed, most likely ascribable
to the discharge of diol/diketone species, namely the stable
byproducts of the pyrene oxidation. This peak could be still
observed after repeated scans, indicating the integrity of the
peptide film on the gold surface at these applied potentials.
By measuring the total charge exchange accompanying the

oxidation of the pyrene chromophore, we estimated a density of
the SSU6Py SAM on the electrode surface equal to 1.3 × 10−10

mol/cm2. This value is in good agreement with that obtained
by assuming a close hexagonal packing of the helical peptides
on the surface, with a tilt angle of 40−50° with respect to the
normal to the gold surface. This finding confirms the high-
density surface coverage of the gold electrode by the SSU6Py
SAM and suggests that the peptide building blocks attain an
almost vertical orientation with respect to the gold surface.

Photocurrent Generation (PG) Experiments. PG experi-
ments were carried out in a three-electrode electrochemical cell
in the presence of an electron donor (TEOA) or an electron
acceptor (MV2+) species in solution under the same
experimental conditions. The energetics of the cell under
anodic and cathodic conditions is depicted in Scheme 2. Upon
photoexcitation of the (Au)SSU6Py SAM in a 50 mM TEOA
solution with UV−vis irradiation from 300 to 450 nm at a null

Figure 1. CV experiments in a 50 mM K3Fe(CN)6 solution (blocking
experiment). The three curves are obtained by using a bare gold
electrode (full line) as a working electrode, or a gold electrode
modified by chemisorption of the SSU6Py (dotted line) or SSU6
(dashed line) SAM.
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applied overpotential, a nanoAmper̀e (nA) anodic current was
obtained. Examples of the photocurrents obtained at the
different excitation wavelengths are reported in Figure 2A. The

almost instantaneous rise (drop) of the measured photocurrent
upon the switch on (off) of photoexcitation can be readily
appreciated within the time resolution of the present
experiment (millisecond).
The elementary steps of the anodic photocurrent process can

be briefly summarized as follows: (i) Excitation of the pyrene
chromophore: the photon absorption event can be considered
instantaneous on the time scale of both the electrochemical
current production and ET processes at the molecular level. (ii)

ET from TEOA (electron donor) to the excited pyrene
[E°(Py*/Py−•) = 1.24 V]:

* + ⇄ +−• +•(Au)SSU6Py TEOA (Au)SSU6Py TEOA

followed by reduction of TEOA+• to the cathode [E°(TEOA+/
TEOA) = 0.61 V]. This step can be viewed as relatively fast due
to the high bimolecular rate constants of the process (see at the
time-resolved fluorescence experiments reported in the
following), the high concentration of TEOA (50 mM), and
the easy access of the reactant to the Py* acceptor, suitably
positioned at the outer layer of the peptide SAM. The
intramolecular ET from the Py−• radical anion [E°(Py/Py−•) =
−2.09 V] to the Fermi level of the gold surface:

⇄−• −(Au)SSU6Py (Au)SSU6Py (1)

is most likely the time-determining step, as it requires
superexchange-assisted ET through the peptide chain. The
outcome of the three elementary processes outlined above is a
net electronic current to the gold electrode (anode).
The results of the same experiment carried out in a 50 mM

MV2+ solution are reported in Figure 2B, where the onset of a
negative (cathodic) current for different excitation wavelengths
can be observed. In this case, upon instantaneous excitation of
the pyrene chromophore, a fast ET from the pyrene excited
state [E°(Py+/Py*) = −2.17 V] to the MV2+ acceptor in
solution [E°(MV2+/MV+) = −0.66 V], takes place:

* + ⇄ ++ +• +(Au)SSU6Py MV (Au)SSU6Py MV2

This step can be considered very fast on the same bases of
the PG experiment carried out under anodic condition
described above, i.e., high ET bimolecular rate constants, high
MV2+ concentration, and easy access to Py*. The time-
determining step involves an intramolecular ET from the gold
surface to the Py+• radical cation [E°(Py+/Py) = 1.16 V]
through the peptide chain, i.e.

+ ⇄+• −(Au)SSU6Py e (Au)SSU6Py (2)

Oxidation of MV+ to the anode closes the circuit, resulting in a
net cathodic current.
It should be noted that the two ET steps through the peptide

chain under anodic and cathodic conditions are not equivalent.

Scheme 2. Energetics and Photo-electrochemical Processes
under Anodic (Left) and Cathodic (Right) Conditions

Figure 2. Photocurrent measured for a gold electrode modified by
deposition of the SSU6Py SAM. A: Anodic conditions (TEOA, 50
mM). B: Cathodic conditions (MV2+, 50 mM).

Figure 3. Photocurrent action spectra under anodic (A) and cathodic (B) conditions: (a) bare gold electrode; (b) Au/SSU6 electrode; (c) Au/
SSU6Py electrode. In (A) the absorption spectrum of pyrene in ethanol is also reported for comparison (d).
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In the former case (eq 1), electrons flow from the peptide
negative C-terminus to the positive N-terminus, i.e., along the
favorable electrostatic field generated by the peptide helix (3.6
D per residue). In the latter (eq 2), the electrons flow in the
opposite direction, i.e., against the helical peptide macrodipole
polarity. Besides that, the Au−S linkage features a marked
charge-transfer character, i.e., Auδ+−Sδ−, that significantly
lowers the charge injection barrier to the gold surface at the
organic−metal junction. Both effects make ET from Py* to the
gold surface by far more efficient than ET in the opposite
direction.
To verify this point, we carried out PG experiments with the

same three-electrode apparatus in an equimolar TEOA/MV2+

solution. In this case, a predominant anodic current was
obtained at all applied overpotentials (Supporting Information,
Figure SI2).
According to the mechanisms outlined above, the photo-

current action spectra, i.e., the dependence of the photocurrent
intensity on the excitation wavelength, under both anodic and
cathodic conditions should overlap the absorption spectrum of
the pyrene photosensitizer. This is exactly what is shown in
Figure 3A, where the photocurrent action spectrum under
anodic conditions and the absorption spectrum in ethanol of
SSU6Py are reported. It should be noted that illuminating the
bare gold electrode in the wavelength region between 280 and
410 nm did not produce any significant electronic current. On
the contrary, high-intensity electronic currents were obtained
under illumination below 260 nm as a result of a direct
photoelectron emission from the gold surface, the work
function of which is comprised between 5.1 and 5.5 eV, or of
electrochemical processes originated by photoexcited TEOA. In
Figure 3B the photocurrent action spectra of SSU6Py and
SSU6 under cathodic conditions are reported together with the
action spectrum of the bare gold electrode in a MV2+ solution
for comparison. As can be seen, the long-wavelength
component of the action spectrum of SSU6Py almost mirrors
the action spectrum measured under anodic conditions. At
shorter wavelengths, the action spectrum of the reference
compound SSU6 reveals a cathodic photocurrent between 290
and 320 nm, ascribable to ET from Au to the photoexcited
MV2+ [E°(MV2+*/MV+ ≈ 3 V)]. At λ < 280 nm the absorption
of the 50 mM MV2+ solution (λmax = 260 nm) is so strong that
excitation of molecules in the proximity of the electrode surface
is totally inhibited by solution filter effect. Interestingly, the
MV2+ photoactivity is partially inhibited by the presence of the

peptide film, as can be observed by comparing the photocurrent
spectra measured for the bare gold electrode and for the gold
electrode modified by deposition of the SSU6 and SSU6Py
monolayers (Figure 3B).
Therefore, the photocurrent action spectrum of the SSU6Py

SAM under cathodic conditions results from the overlap of the
current generated by photoexciting MV2+ at lower wavelengths
(λ < 320 nm) and the current properly ascribable to
photoinduced ET from the pyrene excited state at longer
wavelengths (320 nm < λ < 400 nm).
It is mostly instructive to consider the dependence of the

photocurrent intensity on the applied potential (P/V curve) at
the gold electrode. The P/V curves obtained under anodic
conditions at λexc = 340 nm for a bare gold electrode and a gold
electrode modified by deposition of an SSU6Py or an SSU6
film, are reported in Figure 4A for comparison. The relevant
photosensitizing effect caused by the pyrene-enhanced capture
of excitation energy can be clearly spotted. The P/V plot shows
that the anodic current generated by excitation of the SSU6Py
SAM steadily increases as the positive applied potential
increases, as a result of the larger energy difference between
Py−• and the Au Fermi level. Undoubtedly, we are in the
normal Marcus region of the ET reaction. Interestingly, at
negative applied potentials (V < −0.2 V), the inversion from
anodic to cathodic currents can be observed.
This effect can be explained by taking into account that ET

across the peptide SAM is most likely the time-determining
step for both anodic (V > −0.2 V) and cathodic (V < −0.2 V)
conditions. This is because the Py−Au distance, due to the rigid
helical structure of the building blocks forming the peptide
SAM, is around 20 Å, and the through-bond kinetic rate
constant, exponentially decreasing with such a distance, is
definitely slower than the bimolecular Py*/TEOA rate
constant, mainly controlled by diffusion, as demonstrated by
the time-resolved fluorescence experiments reported below.
Under these conditions the reaction at the electrode can be

phenomenologically described by the Butler−Volmer equa-
tion:45

= −α α− − − −i i (e e )nF RT E E nF RT E E
0

[(1 ) ]/[ ( )] ( / )( )0 0

where i0 is the exchange current, α is the ET transmission
coefficient, and E is the applied potential. At very low
overpotentials (E ∼ E°), one easily obtains

Figure 4. Photocurrent quantum yield (%) versus the applied voltage for anodic (A) and cathodic (B) conditions: (a) gold electrode modified by the
SSU6Py SAM; (b) gold electrode modified by the SSU6 SAM; (c) bare gold electrode. The excitation wavelength is λexc = 340 nm in all cases.
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≈ − °i i
nF
RT

E E( )0

i.e., the current is linearly proportional to the applied potential,
and its sign reversed from anodic (i > 0) to cathodic (i < 0)
currents at a characteristic zero-current potential Ezcp (izpc = 0).
Interestingly, in the case of the SSU6Py SAM Ezcp = −0.25 V,

which means that the transition from anodic to cathodic
currents is shifted to negative applied potentials; i.e., ET from
pyrene to gold is favored over ET in the reverse direction. This
effect may be ascribed to the combined effect of the helix
macrodipole and the Au(δ+)−S(δ−) junction polarity that
promote ET from the C- to the N-terminus. As shown by
Kimura et al., for peptides linked to gold through the N-
terminus, the two effects sum up conferring to the ET process
strong directional properties.49,51 The potential drop at the
Au−S junction, measured by Au-linked alkanethiol, was
estimated to be about −150 mV. In our case, the additional
potential drop ascribable to the helix dipole electrostatic field
should be therefore about −100 mV. This value should be
compared with −140 mV obtained for a carbazole-dodecapep-
tide linked to a gold substrate through the same lipoic group.13

We assign the very weak electronic currents measured for the
bare gold electrode and the gold electrode modified by
deposition of the SSU6 SAM (2 orders of magnitude lower
than the photocurrent generated by photoexcitation of the
SSU6Py SAM) to a photothermal effect, recently described by
Kraatz and co-workers.52 In that case, a bare gold electrode and
a gold electrode modified by a peptide SAM were illuminated
by a very intense laser radiation and the electronic current
generated was ascribed to the heating of the illuminated surface,
which gives rise to a temperature gradient through the double-
layer at the electrode/organic interface.
The dependence of the photocurrent intensity on the applied

potential can be calculated on the basis of the difference
between the rate constants associated with the opposite ET
reactions, i.e., from Py−• to gold (anodic current) and from
gold to Py+• (cathodic current):

=
−
+*

− −

− −

−• +•

−• +•

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟i N

k k

k kpc Py
Py Au Au Py

Py Au Au Py

The rate constant for interfacial ET from a metal electrode to
a bound redox group in the weak electronic coupling

(nonadiabatic) regime can be written as (k+ = anodic; k− =
cathodic):53

∫

π
λ

ρ ε

ε λ ε
λ

ε ε

=
ℏ

× | | − ± − ° −

±

−∞

+∞ ⎡
⎣⎢

⎤
⎦⎥

k
k T

H
E E e

k T
f

( )

( ) exp
( ( ) )

4
( ) d

b

Au F

DA
2

2

b

where ρAu(εF) is the electronic states density at the Fermi level
(assumed independent of energy; 0.3 per eV for Au), HDA is the
donor−acceptor electronic coupling matrix, λ is the reorganiza-
tion energy, and ε is the electrode energy level, the population
of which is determined by the Fermi−Dirac distribution
function f(ε). HDA decreases exponentially with the D···A
distance through the coupling parameter β, and HDA

0 is the
electronic coupling matrix at contact distance.

β| | = | | −H H rexp( )DA
2

DA
0 2

β is a measure of the long-range efficiency of ET and strongly
depends on the overlap between the donor and acceptor
electronic states mediated by the peptide bridging units. In the
case of ET through a peptide chain, the n and π orbitals of the
amide bond were claimed to mediate the ET process as virtual
electronic states (superexchange model) or temporary sites of
residence for a transient electron (hopping model). Both
models forecast a linear relationship between the ET rate
constant and the squared electronic coupling matrix at low
applied potentials.54

The P/V spectra of a bare gold electrode and a gold electrode
modified by the SSU6 or SSU6Py SAM under cathodic
conditions are reported in Figure 4B. Mirroring what observed
in a TEOA solution, the cathodic (negative) current intensity
increases as the negative applied voltage increases, as a result of
the larger driving force for ET from Au to the pyrene ion
radical ground state. At less negative overpotentials, the
photocurrent intensity decreases, until the inversion from
cathodic to anodic current is obtained for slightly positive
overpotentials for both the SSU6 and SSU6Py SAMs [Ezcp =
+0.1 and +0.15 V, respectively]. This effect again may be
ascribed to the combined effect of the peptide helix dipole and
to the Au−S link polarity, this time discouraging ET from gold
to pyrene across the peptide chain. The +150 mV found for
SSU6Py well compares with the +50 mV found by Kimura et al.
for a lipoic-dodecapeptide linked to gold at the C-terminus,

Figure 5. (A) Fluorescence spectra of SSU6Py (a) and SSU6/SSU6Py 10:1 (b) films on a gold coated glass. (B) Photocurrent action spectra under
anodic conditions: (a) SSU6Py; (b) 10:1 SSU6/SSU6Py; (c) SSU6; (d) gold.
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where the Au−S and peptide polarities counterbalance their
effects.13

The weak photocurrent signal observed in the case of the
SSU6 SAM modified electrode is most probably related to a
residual activity of MV2+ at the experimental wavelength (λ =
340 nm) or to the already mentioned photothermal effect, i.e.,
the current generated by the potential drop at the electrode
surface caused by the temperature jump raised by the surface
illumination.
Interestingly, when the photocurrent efficiencies reported in

Figure 4A,B (see also Figure 2A,B) are compared, it clearly
appears that the current intensities under anodic conditions are
at least 1 order of magnitude larger than those detected under
cathodic conditions. This finding confirms that ET through the
peptide chain is the crucial step determining the overall PG
efficiency and strengthens the aforementioned considerations
on the influence of the helix macrodipole and the Au−S bond
polarity regulating the directional character of this process.
It has been debated whether the superexchange coupling

through the high-energy amide orbitals is more effective than
hopping through the n and π ground-state orbitals. The
efficiency of the latter mechanism shows a very weak decay with
the D···A distance and is the only one still operative beyond 20
Å. However, at the short distances sampled by the hexapeptide
SAM studied here, its efficiency is generally much lower than

that attained by superexchange coupling.5,12,55 The latter
should be therefore considered as the predominant ET
mechanism for the systems investigated in this work.

Fluorescence Experiments. Fluorescence experiments
provided important information on the interaction taking
place among the peptide building blocks forming the SSU6Py
SAM, and in particular among the pyrene units functionalizing
the oligopeptides at the C-terminus. In Figure 5A the
fluorescence spectrum of the SSU6Py SAM immobilized on a
quartz support coated by a 10 nm thick gold film is reported. In
the spectrum a broad emission peaked at 480 nm can be
observed, together with the sharp peaks typical of the pyrene
monomer emission at 373 and 393 nm. The long-wavelength
emission is characteristic of excimer species, i.e., fluorescent
excited-state complexes formed by pyrene···pyrene interac-
tions.56 This finding is a clear indication of the densely packed
nature of the SAM formed by SSU6Py on the gold surface. To
confirm the intermolecular origin of the interaction leading to
excimer emission, we carried out fluorescence experiments on
the bicomponent SAM formed by overnight deposition of a
1:10 SSU6Py/SSU6 ethanol solution (5 × 10−5 and 5 × 10−4

M, respectively). The relative emission spectrum, also reported
in Figure 5A, clearly reveals the absence of fluorescent excimer
species, indicating that SSU6Py is homogeneously diluted in

Figure 6. Fluorescence spectra of SSU6Py for different concentrations of TEOA (electron donor) (A) and MV2+ (electron acceptor) (B).
Concentrations of TEOA or MV2+: (a) 0 mM, (b) 0.5 mM, (c) 1.5 mM, and (d) 5 mM.

Figure 7. Fluorescence time decays of SSU6Py for different concentrations of TEOA (electron donor) (A) and MV2+ (electron acceptor) (B).
Concentrations of TEOA or MV2+: (a) 0 mM, (b) 0.5 mM, (c) 1.5 mM, and (d) 5 mM. (e) Excitation profile (λexc = 340 nm; λem = 397 nm).
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the SSU6 SAM, without formation of SSU6Py segregated
domains.
To investigate how excimer formation could affect or

interfere with the photoinduced ET process, photocurrent
generation experiments were also carried out for the 1/10
SSU6Py/SSU6 SAM under both anodic (TEOA solution) and
cathodic (MV2+ solution) conditions. The photocurrent action
spectrum of the bicomponent SAM in a TEOA solution
(Figure 5B) closely compares with the action spectrum of
SSU6Py measured under anodic conditions (Figure 3A), well
reproducing the absorption spectrum of pyrene.
Interestingly, the measured photocurrent intensity ratio

between the SSU6Py and the 1/10 SSU6Py/SSU6 films is
4.5:1, which indicates a marked difference in the photocurrent
efficiencies of the two systems, especially in view of the fact that
combined CV and fluorescence experiments show that the
pyrene content in the former is 1.3 × 10−10 mol/cm2, whereas
in the bicomponent SAM is only 1 × 10−11 mol/cm2 (total
peptide density 6 × 10−11 mol/cm2).27 This finding strongly
suggests that in the SSU6Py SAM the electromagnetic
excitation energy is largely dissipated in the processes leading
to excimer formation and decay, i.e., self-quenching by energy
transfer among the pyrene groups.57

Fluorescence experiments in solution allowed us to
determine the bimolecular rate constant associated with the
ET interaction between the pyrene excited state and the TEOA
or MV2+ quencher molecules. The emission spectra of SSU6Py
for different concentrations of the TEOA (ET donor) and
MV2+ (ET acceptor) compounds are reported in Figure 6A,B
for comparison. It can be observed that, in both cases, the
SSU6Py emission is strongly quenched by the two compounds.
The low emission measured between 450 and 500 nm indicates
that formation of excimer or exciplex species at micromolar
concentrations is minor, but not negligible.
The strong emission quenching detected by steady-state

measurements was confirmed by time-resolved fluorescence
experiments, as shown in Figure 7A,B, where the SSU6Py time
decays for different concentrations of the TEOA and MV2+

quenchers are reported.
The experimental time decays can be described by discrete

multiexponential lifetimes τi, i.e.

∑ α
τ

= −
⎛
⎝⎜

⎞
⎠⎟I t

t
( ) exp

i
i

i

where αi is the weight associated with the ith lifetime,
proportional to the excited-state population at t = 0. In all
cases, at least three lifetime components were necessary to
adequately fit the experimental time decays, as often found for

pyrene-labeled biomolecules.58 An average time decay can be
also introduced as the weighted-sum of the lifetime
components, i.e., ⟨τ⟩ = Σiαiτi. The parameters obtained by
the time-resolved fluorescence experiments in SSU6Py/TEOA
and SSU6Py/MV2+ solutions are reported in Table 1.
The efficiency of the ET process can be readily obtained

from both spectral and time-resolved fluorescence experiments:
from the former experiments through the equation

ϕ
ϕ

= −E 1ss
0

where Φ and Φ0 represent the fluorescence quantum yield in
the presence and absence of the quencher molecules,
respectively, and from the latter experiments through the
equivalent equation

τ
τ

= −E 1dyn
0

where τ0 is the SSU6Py excited-state lifetime in the absence of
the quencher molecule.
The bimolecular rate constants for the SSU6Py*/TEOA and

SSU6Py*/MV2+ ET interactions can be obtained from the
quenching efficiencies from the equation
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The ET efficiencies and ET rate constants obtained from
steady-state (Ess, kss) and time-resolved (Edyn, kdyn) fluorescence
experiments are reported in Table 2.
The fair agreement between Ess and Edyn confirms the

excited-state character of the interactions involving SSU6Py*
and the TEOA and MV2+ compounds. It should be noted that

Table 1. Time Decay Parameters of SSU6Py for Different Concentrations of TEOA or MV2+ Electron-Transfer Quenchers (λexc
= 340 nm, λem = 397 nm)

[TEOA] (mM) α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) ⟨τ⟩ (ns) χ2

0 0.61 1.2 0.16 18.2 0.23 129.5 33.4 1.33
0.5 0.61 1.4 0.16 18.8 0.23 123.6 32.3 1.26
1.5 0.62 1.7 0.16 18.4 0.22 106.5 27.4 1.21
5.0 0.64 1.5 0.16 12.8 0.20 66.8 16.4 1.32

[MV2+] (mM) α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) ⟨τ⟩ (ns) χ2

0 0.60 1.4 0.15 20.0 0.25 136.3 37.9 1.33
0.5 0.60 1.6 0.16 18.3 0.24 102.8 28.5 1.22
1.5 0.61 1.6 0.16 14.5 0.23 68.3 19.0 1.25
5.0 0.62 1.2 0.20 6.7 0.18 28.0 7.1 1.08

Table 2. Electron-Transfer Quenching Efficiencies and Rate
Constants from Steady-State (Ess, kss

ET) and Time-Resolved
(Edyn, kdyn

ET ) Fluorescence Experiments

[TEOA]
(mM) Ess Edyn

kss
ET (M−1 s−1)
(×109)

kdyn
ET (M−1 s−1)

(×109)

0.5 0.08 0.03 5.2 1.9
1.5 0.22 0.18 5.6 4.4
5.0 0.47 0.51 5.3 6.2

[MV2+]
(mM) Ess Edyn

kss
ET (M−1 s−1)
(×1010)

kdyn
ET (M−1 s−1)
(×1010)

0.5 0.33 0.24 2.6 1.7
1.5 0.57 0.50 2.3 1.8
5.0 0.85 0.81 3.0 2.2
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the obtained ET rate constants are in the order of 1010 M−1 s−1

[2.6(±0.2) × 1010 from Ess and 1.9(±0.2) × 1010 M−1 s−1 from
Edyn] in the case of the MV2+ acceptor and 109 M−1 s−1

[5.4(±0.2) × 109 from Ess and 4.1(±1.8) × 109 M−1 s−1 from
Edyn] for the TEOA donor, respectively. The high value of the
bimolecular ET rate constants strongly suggests that the rate-
limiting step in the photocurrent generation experiment is ET
through the peptide chain.
This finding is also confirmed by the already reported results

of PG experiments in an equimolar TEOA/MV2+ solution,
where a predominant anodic current was observed at all applied
overpotentials, despite the 1 order of magnitude larger rate
constant obtained in the case of the SSU6Py*/MV2+ ET as
compared to that for SSU6Py*/TEOA ET. This finding further
emphasizes the role of the electrostatic field of the helix
macrodipole and the polarity of the Au−S linkage in
determining the efficiency of the competitive ET processes
through peptide SAMs supported on gold substrates. There-
fore, the fine balance of anodic and cathodic currents shown by
our PG experiments are the macroscopic consequence of the
asymmetric ET through peptide helices at the molecular level.

■ CONCLUSIONS
In this contribution, PET processes through SAMs formed by
helical oligopeptides suitably functionalized with a photo-
sensitizing agent and chemisorbed on gold electrodes by a
disulfide group are discussed. The aim of this study is to
investigate the origin of the asymmetric ET efficiency through
the peptide layer on going from the pyrene chromophore to
gold or in the opposite direction. This study was accomplished
by PG experiments carried out in a Graẗzel-like electrochemical
cell working under anodic (electron donor in solution) or
cathodic (electron acceptor in solution) conditions.
Remarkably, the efficiency of PG for the SSU6Py SAM is 2

orders of magnitude larger than the photocurrent measured for
a bare gold electrode or a gold electrode modified by the same
peptide SAM, but lacking the pyrene chromophore (SSU6).
The latter weak photocurrent was ascribed to a photothermal
effect, i.e., the reorganization of the double-layer at the
electrode surface in response to the temperature jump caused
by the surface illumination.52 Even more strikingly, and with
more important consequences on both the theoretical and
applicative points of view, is the strongly directional character
of ET through the peptide chain. This effect can be ascribed to
two fundamental properties of the systems investigated: (i) the
electrostatic field generated by the peptide helices, arising from
the ordered alignment of the single residue dipole moments in
such structural arrangement, and (ii) the asymmetric charge
injection barrier for ET at the interface between the metal
electrode and the organic layer, due to the polar character of
the Au−S (Auδ+−Sδ−) interaction.
These properties could be usefully exploited for the

development of organic/inorganic hybrid materials for
molecular electronics or bioinspired optoelectronics. A DSSC
prototype based on peptide materials has been recently
produced in our laboratory.43
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Cyclic voltammetry of SSU6Py showing the formation of
dihydroxypyrene (Figure SI1); photocurrent action spectra of
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dependence of the same experiment) (Figure SI2). This
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