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of chiral molecules. In recent years it was 
established that electron transfer through 
chiral systems is spin dependent.[16] If the 
gold is indeed magnetic, its direction of 
magnetization may affect the spin of the 
electrons or holes injected from the sub-
strate into the chiral molecule and thereby 
affect the charge transfer rate through the 
chiral molecule. In the present study, we 
investigated electrochemically the charge 
transfer through a self-assembled mono

layer of chiral oligopeptides with a terminal ferrocene group 
adsorbed on the gold substrate.

Several groups have reported an asymmetry in the 
charge transfer through short oligopeptides, which contain 
L-aminoacids and adopt an α-helix structure. Specifically, they 
noted that the rate constant for charge transfer from the elec-
trode to the redox active group situated at the opposite end 
of the molecule is higher than the rate constant for transfer 
in the opposite sense.[17,18] This experimental observation 
was attributed to the relative orientation of the electrostatic 
field in the self-assembled monolayer (SAM) generated by the 
dipole moment of the oligopeptide itself with respect to the 
direction in which the charge carriers propagate. The electro-
static field generated by the dipole moment of the molecule is 
largely due to the close packing and parallel orientation of the 
molecules in the monolayer.[19]

While we were studying the rate constant for charge transfer 
through L- and D- oligopeptide monolayers by electrochem-
istry, we observed that the asymmetry in the charge transfer 
rate is opposite for the two enantiomers. Since the orienta-
tion of the dipole moment inside the monolayer is the same 
for the two enantiomers, the asymmetry cannot be related to 
the dipole moment orientation. We propose an explanation of 
the observed asymmetry based on the chiral induced spin selec-
tivity (CISS) effect in the electron transfer[20] and the magneti-
zation of the gold substrate.

We have studied by electrochemistry SAMs of D/L-12mer-
Fc peptides (see structures in the Experimental Section). The 
cysteamine (Cya) situated at the C-end of the peptide was used 
for covalent binding to the gold electrode. The ferrocene (Fc) 
situated at the N-end of the peptide plays the role of electron 
donor or acceptor depending on the potential applied to the 
gold electrode. The circular dichroism (CD) spectra of a solution 
of the L-peptide show negative peaks at 208 and 222 nm and 
a positive peak at 192 nm, which are characteristic of a right-
handed helix, while the D-peptide spectra show opposite peaks 
(Figure 1a). The θ222 nm/θ208 nm values reported in Table 1  
are indicative of both L- and D- peptides adopting a mixed 
310/α helical structure in solution.[19]

It is shown that “spontaneous magnetization” occurs when chiral oligopep-
tides are attached to ferrocene and are self-assembled on a gold substrate. As a 
result, the electron transfer, measured by electrochemistry, shows asymmetry in 
the reduction and oxidation rate constants; this asymmetry is reversed between 
the two enantiomers. The results can be explained by the chiral induced spin 
selectivity of the electron transfer. The measured magnetization shows high 
anisotropy and the “easy axis” of magnetization is along the molecular axis.

Magnetism

Biomolecules, among them oligopeptides and proteins, are 
suggested as material for self-assembled electronic and sensing 
devices.[1,2] Specifically, self-assembled organic monolayers 
on gold are a very popular tool for studying charge transfer 
through molecules.[3–5] Typically, the system includes a redox 
group attached to the tail of the adsorbed molecules of interest. 
The charge transfer between this group and the substrate is 
monitored either optically, using lasers,[6] or by electrochemi
stry.[7] It is almost natural to assume that the gold substrate and 
the redox group do not change their properties upon assembly. 
However, past experiments indicated that the simple descrip-
tion of gold surface, bridge organic molecule, and redox group 
as independent components is not complete and new proper-
ties may emerge when the three components are connected. 
For example, several groups reported that gold may show mag-
netic properties when molecules are self-assembled on its sur-
face.[8–13] The magnetic properties were explained as resulting 
from both Pauli and orbital paramagnetism in the gold.[14] Fur-
thermore, spin-dependent electron transfer was found when 
a monolayer of organic molecules containing paramagnetic 
atoms was adsorbed on gold, which indicates that the gold is 
magnetized.[15] The magnetic properties of gold may influence 
the electron transfer through the self-assembled monolayer  
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The polarization modulation–infrared reflection–absorption 
mode (PM–IRRAS) spectra of the adsorbed L- and D- pep-
tides are identical in terms of both the position and the rela-
tive intensity of the amide I and II absorption bands observed 
at 1670 and 1544 cm−1, respectively (Figure 1b). These bands 
are similar to the ones previously observed for SAMs of poly-L-
alanine (1658 and 1545 cm−1)[21] and indicate that the two pep-
tides adopt a α-helix structure in the self-assembled monolayer. 
The analysis of the electrochemistry data prove that the self-
assembled monolayers of D/L-12mer-Fc peptides formed on  
gold have similar surface coverage (Table 2). The extracted tilt 
angle, γ, of the helix with respect to the surface normal is 48o, 
which is in good agreement to the reported value for similar 
systems.[16] Hence, the properties determined using PM-IRRAS 
and surface coverage indicate that the two peptide enantiomers 
form similar monolayers and adopt the same structure within 
these monolayers.

The calculated electron transfer rate constants for the D and 
L peptides (Table 2) are close to those previously reported for 
a polyalanine 14-mer.[16] Figure 2 presents the experimental 
data compared to the theoretical curve for k0 of 0.48 s−1. For the 
D-peptide, the rate constant as determined by the analysis of 
the anodic process is larger than that determined by the anal-
ysis of the cathodic process. In contrast, for the L-peptide, the 
situation is reversed and the rate constant determined from the 
cathodic process is larger than that determined from the anodic 
process.

Several reasons have been suggested for the asymmetry in the 
rate constant for electron transfer through peptide monolayers, 
measured from the anodic and cathodic process: (1) The dipole 
moment of the helix may favor electron-transfer in the direction 
toward the positive end of the dipole;[16] (2) The amide-
ferrocene strong electronic coupling promotes fast electron  

transfer[22] that would favor electron transfer between the C-ter-
minal’ amide group and the sulfur, which was being considered 
the rate-determining step; (3) the polarity of the Au-S junction 
defines a favorite direction for electron transfer.[17] These expla-
nations cannot be used to rationalize the asymmetry observed 
for the two enantiomers we studied because the orientation 
and strength of the dipole moment, the amide-ferrocene elec-
tronic coupling, and the polarity of the Au-S junction do not 
depend on the chirality of the two peptides. This is also sup-
ported by the contact potential difference (CPD) measure-
ments reported in Table 3, showing that the change of the  
work function of the Au surfaces after the monolayer formation 
is similar for the two enantiomers.

The model we propose to explain the observed asymmetry in 
the rate constant for the two peptides is based on two compo-
nents, the magnetization of the system and the spin selective 
electron transfer through the chiral molecules. It was reported 
before that linking chromophores to a substrate via an organic 
monolayer may cause a large magnetic anisotropy in the 
sample.[23] Several groups already observed that binding para-
magnetic molecules to gold through an organic linker causes 
spin selective conduction through the molecules.[15,24–26] Hence 
we propose, that as a result of the induced anisotropy, both the 
surface magnetization of the gold and the spin on the ferrocene 
are magnetized parallel to each other and along the axis of the 
molecule.

To verify this assumption, we measured the magnetiza-
tion of the oligopeptide monolayer on gold at room tempera-
ture, using a superconducting quantum interference device 
(SQUID). Figure 3 shows the magnetic moment as a function 
of the magnetic field applied either perpendicular or parallel 
to the surface. The results are presented after the subtraction 
of the contribution of the substrate without the monolayer.  
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Figure 1.  A) CD spectra for 0.1 mg mL−1 solutions of the D/L-12 mer-Fc in 1:1 (v/v) pH 7.0 10 mm sodium phosphate buffer : trifluoroethanol (TFE); 
B) The amide region of PMIRRAS spectra recorded for the self-assembled monolayers of L-12mer-Fc and D-12mer-Fc. The D-12mer-Fc spectrum is 
shifted up for clarity.

Table 1.  θ222 nm/θ208 nm and fH percentage helix content of the 
peptides.

Peptide θ222 nm/θ208 nm fH

D-12 mer Fc 0.75 ± 0.02 32 ± 1

L-12 mer Fc 0.71 ± 0.02 33 ± 1

Table 2.  The electron transfer rate constants and surface coverage for 
the self-assembled monolayers of L/D-12mer-Fc.

Surface coverage 
[mol cm−2]

Rate constant 
oxidation [s−1]

Rate constant 
reduction [s−1]

L-12mer-Fc 3.6 × 10−11 0.30 ± 0.02 0.47 ± 0.03

D-12mer-Fc 3.7 × 10−11 0.48 ± 0.03 0.28 ± 0.03
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A  ferromagnetic response with a significant hysteresis is 
observed for both magnetic field directions. However, the 
response is nonisotropic. For the field applied perpendicular 
to the surface, the magnetic susceptibility is large and the 
hysteresis is about 40 Oe. For the magnetic field applied par-
allel to the surface, the magnetic susceptibility is somewhat 
smaller; however the hysteresis is much larger, namely 120 Oe. 
Assuming that the measured magnetic moment at H = 0 is  
proportional to the density of the monolayer, we calculated 
that the magnetic field per molecule is 0.86 µB for the parallel 
field and 0.64 µB for the perpendicular one. These two values 
are consistent with a SAM in which the molecules are at a tilt 
angle with respect to the surface normal of ≈50°, which is sim-
ilar to the tilt angle inferred from the PM IRRAS (48°). Based 
on these results, we conclude that the easy axis of magnetiza-
tion is along the molecular axis.

Identical results were obtained for the D-12mer-Fc mono
layer (see the Supporting Information).

Our model for the rationalization of the enantio-dependent 
asymmetry in the electron transfer rate invokes spin-dependent 
electron transfer through the chiral molecules, an effect known 
as CISS.[16] The CISS has inherent asymmetry: for a given 
enantiomer, the preferred spin of electrons transferred in one 
direction is the opposite to that of electrons transferred in the 
opposite direction. In our system, we assume that both the gold 
substrate and the ferrocene have a magnetic moment parallel to 
each other and to the molecular axis (see Figure 4).

The electrons injected into the oligopeptide have therefore 
their spin oriented in the same direction, independent of them 
being transferred from the gold or from the ferrocene and inde-
pendent on the specific enantiomer. However, because of the 
CISS effect, in the case of the L-peptide, the spin is oriented so 
that its transport is favored for the reduction direction while for 
the D-peptide it is favored for the oxidation direction.

To verify the model suggested above, we performed spin-
dependent conduction studies with a conducting atomic 
force microscope (cAFM), using nickel/gold magnetic sub-
strates for the monolayer formation. The current versus 
voltage was measured on the monolayer applying the mag-
netic field perpendicular to the substrate surface, pointing 
either up or down with respect to the surface. The poten-
tial is that of the Pt tip. The results shown in Figure 5 indi-
cate that the current through the monolayer depends strongly 
(typically a 4:1 ratio) on the direction of the magnetic field 
and implicitly on the spin orientation. It is also clear that 
when the magnetic field is pointing up, the reduction (posi-
tive voltage) is favored over oxidation (negative voltage) for the  
L enantiomer, while when the field is pointing down, the oxida-
tion is favored for the D enantiomer. Thus, the spin-dependent 
transport studies corroborate the importance of spontaneous 
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Figure 2.  Plot of peak position relative to the formal potential (Ep–E0) 
as a function of the normalized scan rate (v/k0) for either L-12mer-Fc 
(red squares) or D-12mer-Fc (black dots). The blue solid lines are calcu-
lated using the Marcus theory applying a standard electrochemical rate 
constant (k0) of 0.48 s−1 and assuming the reorganization energy for the 
ferrocene to be 0.8 eV. The dotted lines are a guide for the eye.

Table 3.  Contact potential difference (CPD) of gold coated with SAM of 
oligopeptides.

CPD [V]

Gold (blank) 0.0 ± 0.004

L-12mer-Fc monolayer −0.539 ± 0.017

D-12mer-Fc monolayer −0.486 ± 0.006

Figure 3.  Magnetic moment versus magnetic field measured by SQUID at 300 K for the L-12mer-Fc monolayer adsorbed on gold film. The substrate 
contribution to the signal has been subtracted from the data. The magnetic field was applied either parallel A) or perpendicular B) to the sample surface. 
The inset is a zoom of the low field region where the hysteresis is largest.
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magnetization of the system as well as the spin selectivity in 
the electron transfer.

This work is an example for “spontaneous magnetization” 
that affects the charge transfer rates in chiral molecules. The 

observations presented here are consistent with the asymmetry 
in electron transfer observed in previous studies.[17,18] However, 
because of our ability to probe both enantiomers the mechanism 
for the process was revealed. Since in Nature paramagnetic ions 
are abundant in proteins and since proteins are chiral, similar 
effects may be relevant also in biological systems.

Experimental Section
Peptide Synthesis: The sequence of the peptides was designed with the 

goal that the peptides (1) were as short as possible to make the synthesis 
simple and (2) adopted a helical structure. The D/L-12mer peptides Cya-
(D/L-ala)3-aib-(D/L-ala)2-aib-(D/L-ala)2-aib-(D/L-ala)2 (cya = cysteamine; 
ala = alanine; aib = aminoisobutyric acid) satisfy these requirements.[27,28] 
The incorporation of 2-amino isobutyric acid into the sequence makes 
the peptides more hydrophilic and quite soluble when compared to, for 
example, polyalanine. This in turn made the purification of the peptides 
by reverse phase high pressure liquid chromatography (HPLC) relatively 
simple. D/L-12mer-Fc peptides were synthesized manually using Fmoc-
solid phase peptide synthesis strategy, starting form commercially 
available cysteamine-4-methoxytrityl resin with a loading of ≈0.83 meq g−1 
(Anaspec). Fmoc-D/L-alanine(ala)-OH (Anaspec) was coupled using 
1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 
3-oxid hexafluorophosphate (HATU, Chem-Impex) as coupling reagent. 
6-Chloro-benzotriazole-1-yloxy-tris-pyrrolidinophosphonium hexafluoro-
phosphate (PyClock: Peptides International) was used as the coupling of 
Fmoc-2-aminoisobutyric acid (aib)-OH (Anaspec). 2-(1H-benzotriazol-
1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU: Chem-
Impex) was used as the coupling reagent for ferrocene carboxylic 
acid (Sigma-Aldrich). Anhydrous N,N′-diisopropylethylamine and  
anhydrous N-methyl-2-pyrrolidone (Sigma-Aldrich) were used as the 
base and the solvent, respectively. The success of coupling of each 
amino acid was monitored by qualitative Kaiser test. The peptides were 
cleaved from the resin with a cleavage cocktail of 95% trifluoroacetic 
acid (EMD), 2.5% triisopropylsilane (Sigma-Aldrich), 2.5% water, and 
two drops of immobilized tris(2-carboxyethyl)phosphine disulfide 
reducing gel (Thermo Scientific). Crude peptides were precipitated 
with cold diethyl ether (EMD) and dried under nitrogen. Peptides were 
purified by reversed-phase HPLC using a C18 silica column on a Waters 
600 controller and pump. Absorbance was monitored with a Waters 
2996 photodiode array detector. The peptides have been characterized 
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Figure 4.  A scheme of the proposed mechanism for the asymmetric elec-
tron transfer. The gold is magnetized. As a result, one spin is injected 
preferentially from it to the molecule or vice versa. A) In the case of 
L-oligopeptide (right handed helix) the electron injected from the gold 
has a spin aligned parallel to the electron’s velocity, which is the pre-
ferred spin for the electron transfer. As a result, the electron transfer in 
this direction (reduction process) is faster than backward. B) In the case 
of D-oligopeptide (left handed helix), the preferred spin orientation is 
antiparallel to the electron’s velocity; therefore the preferred rate is for 
the oxidation process.

Figure 5.  Spin dependent conduction through monolayers made from L-12mer-Fc or D-12mer-Fc molecules. The system is presented schematically in 
the upper scheme. The current versus voltage is presented for the L and D oligomers A) and B), respectively. While for the L enantiomer the current 
is higher when the Ni magnet is pointing up, for the D enantiomer it is higher for the magnet pointing down.
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by electron spray ionization-mass spectroscopy. Calc/exp: D-12mer-Fc 
1184.2/1184.2 and L-12mer-Fc 1184.2/1184.2 (see Figure S1, Supporting 
Information). Samples of the lyophilized D/L-12mer-Fc were dissolved in 
a 1:1 (v/v) mixture of TFE : nanopure water.

CD Spectroscopy: The CD spectra for the peptides were measured in 
1:1 (v/v) mixture of pH 7.0 10 mm sodium phosphate buffer and TFE, 
in 0.1 cm path length cuvettes, at 20 °C on a JASCO J-715 spectrometer 
equipped with a thermoelectrically controlled single-cell holder. The 
scan rate was 100 nm min−1 and 10 scans were accumulated for each 
spectrum. The concentration of the peptides was 0.1 mg mL−1. The helix 
content of the peptides was determined from the CD data using the 
equations[29]

2340
30300H
222θ[ ]

= −
+

f � (1)

where [θ]222 is the mean residue ellipticity at 222 nm, and fH is the 
fraction of helix (both α and 310)

θ θ= × × × × −−[ ] (deg cm dmol ) / [10 ( 1)]222
2 1

222 M d C N � (2)

where θ222 is the observed ellipticity in degrees at 222 nm, M is the 
molecular weight of the peptide, d is the path length in cm, C is the  
concentration in g mL−1, and N is the number of peptide bonds in 
the peptide.[30]

Monolayer Formation: For the samples used in the electrochemistry 
experiments and the characterizations, the 120 nm thick gold surfaces 
were prepared by e-beam evaporation on a p-doped silicon wafer, using 
3 nm of chromium as the adhesion layer. For the samples used in the 
SQUID measurements, 8 nm of titanium instead of 3 nm of chromium 
were used as the adhesion layer, to avoid the complications to the 
measurements arising from the magnetic properties of chromium. For 
the samples used in the magnetic AFM measurements (m-AFM), the 
surfaces were prepared by sputtering 120 nm of nickel, followed by a 
8 nm thick gold layer on top of a silicon wafer with a 2 µm thermal 
silicon oxide layer, with a 8 nm titanium as the adhesion layer. The use 
of the Ni/Au surfaces for the mAFM measurements was necessary in 
order to be able to spin-polarize the electrons injected from the surface 
using an external magnetic field. All the surfaces were cleaned by 
boiling them first in acetone and then in ethanol for 10 min, followed by 
a UV-ozone cleaning for 15 min and a final incubation in warm ethanol 
for 40 min.

The surfaces, dried with a nitrogen gun, where immediately immersed 
into the peptide solution (0.625 mg mL−1, using a 1:1 mixture of pH 7.0 
10 mm sodium phosphate buffer and TFE) and incubated for 36 h. After 
the incubation, the surfaces were rinsed 3 times with deionized water, 
dried with a nitrogen gun, and immediately used for the experiments. 
The monolayers were characterized by AFM measurements (see the 
Supporting Information) as well as by IR spectroscopy, CPD studies, 
SQUID measurements, and cyclic voltammetries.

PM-IRRAS: Infrared spectra were recorded using a Nicolet 6700 
FTIR instrument equipped with a PEM-90 photoelastic modulator 
(Hinds Instruments, Hillsboro, OR) at an 80° angle of incidence. The 
orientation of the peptides on the gold surface was determined using 
the following equation[31]

1.5
3cos 1 3cos 1 2

3cos 1 3cos 1 2
1

2

2 2
1

2 2
2

γ θ
γ θ

( )( )
( )( )= ×

− − +
− − +













I
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where I1 and I2 are the intensity of the amide I and amide II bands, θ1 
and θ2 are the angles between the transition moment of the two bonds 
and the helical axis (which were found in the literature to be 39o and 75o, 
respectively[32]) and γ is the tilt angle of the helix in respect to the surface 
normal.

Electrochemistry: The electrochemical experiments consisted in cyclic 
voltammetry experiments carried out at different scan rates (v) ranging 
from 10 to 100 mV s−1 in a potential window from 0.0 to 0.7 V, using the 
oligopeptide modified gold surface as working electrode.

The measurements were done using a standard three-electrode 
setup, in a supporting electrolyte solution of 0.1 m NaClO4, using 
a Pt wire as the counter electrode and a Ag/AgCl (sat. KCl) electrode 
as reference. The instrument was an Autolab PGSTAT 20 potentiostat. 
Following the same approach used by Waldeck and co-workers,[33] the 
charge transfer rate constant k0 was obtained from the experimental 
data by plotting the anodic and cathodic peak separation (Ep–E0) versus 
the normalized scan rate (v/k0) and fitting the data by a curve obtained 
by Marcus theory, using a recombination energy (λ) of 0.8 eV for the 
ferrocene.

The surface coverage Γ was calculated by integrating the charge 
under the faradaic current peaks at a scan rate of 50 mV s−1.

Contact Potential Difference: The CPD of the surfaces was 
determined using a commercial Kelvin probe instrument (Delta Phi 
Besocke, Jülich, Germany) within a Faraday cage. The reference probe 
consisted of a gold grid. The measurements were held in the dark 
and in ambient atmosphere. The CPD signal of a blank gold substrate 
was taken as the zero value. The CPD of the monolayers is reported 
as the difference between the gold reference and the value recorded 
for the monolayers after letting the signal stabilize. The results are 
summarized in Table 3.

SQUID Measurements: The magnetic properties were measured using 
a SQUID (superconducting quantum interference device) magnetometer 
MPMS3 (L.O.T.- Quantum Design inc.) with the magnetic field applied 
either parallel or perpendicular to the sample plane. The vibrating 
sample magnetometry was in use. The measurements were conducted 
at 300 K, and consisted in a magnetizing run from 0 to 5000 Oe, a 
first measurement going from 5000 to −5000 Oe, a second going 
from −5000 to 5000 Oe, and a demagnetizing run from 5000 to 0 Oe. 
The diamagnetic contribution of the gold-titanium-silicon substrate was 
measured prior to the monolayer formation and subtracted from the 
final data.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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