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Abstract

The efficiency of charge transmission in chiral compared to achiral molecular systems, of struc-
turally related compounds, is probed via cyclic voltammetry measurements. For such a purpose
five different thiols have been selected two achiral (i.e. 3-mercaptopropionic acid (MPA) and 8-
mercapto-1-octanol (M80)) and three chiral (i.e. L- and D-cysteine (Lcys, Dcys) and D-penicilla-
mine (Dpen)). These compounds are used to form 2D self-assembled monolayers (SAM)on gold.
Cyclic voltammetry (CV) measurements, by using the potassium hexacyanoferrate(Il)/potassium
hexacyanoferrate(Ill) (Fe3Fe2) redox couple, are exploited to probe the charge transfer ability of
the electrode|SAM|solution interface. In particular, MPA, Lcys and Dpen compounds are selected
due to their quite similar structural and geometrical characteristics (virtually the same molecular
length and terminal groups). M8O is a longer SAM forming thiol, which was selected as a refer-
ence blocking electrode compound. The comparison of the cyclic voltammetry data shows that a
better ability in the charge transmission is obtained when chiral SAM are used; namely in the case
of L-cysteine and D-penicillamine. This result can be related to the spin filtering ability of chiral
compounds: chiral induced spin selectivity (CISS) effect. As rationalized on the basis of theoretical
values of optical rotation (OR), calculated at the CAMB3LYP/6-31G(d,p) level of the theory.
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1. Introduction

The study of the 2D liquid-like — solid-like phase transition occurring in monolayers of organic
compounds adsorbed at the mercury|aqueous-solution interface, is a quite exciting and challenging
area of scientific research. On this specific subject, which finds its natural place within the chapter
of interfacial physical chemistry, a number of seminal papers are due to Claudine Buess-Herman
[1-4], together with important articles authored by Robert De Levie [5,6], Wandlowski and Retter
[7,8]. These works essentially relate to the point of view of pure scientific research, where the
objective is the understanding of the physics underlying the formation of ordered, solid-like, films
of low dimensionality[2,4,5]. Also, with reference to the 2D liquid-like to solid-like phase transi-
tion kinetics. Such studies revealed to foster and nourish fundamental research in the field of low
dimensional systems [9,10]. Within this picture, the study of 2D ordered adsorbed monolayers on
the mercury electrode offered, and offers, a number of experimental advantages i) the mercury
surface is almost perfectly smooth, being a liquid ii) allowing to control the formation of the 2D
solid like phase by switching (or even by scanning) the electrode potential to a suitable value at
which the condensed phase is formed. This proves particularly useful in studies concerning the
kinetics of formation of the ordered phase [2]. What is more, the kinetics can be monitored both
in direct current experiments (potential steps, chronoamperometry), as well as in alternate current
mode(i.e. measuring the impedance versus time curves at a fixed a.c. frequency).In general, these
measurements are carried out applying a potential step and measuring the current (or the capacity)
as a function of time[2,4,8,11-14]. Beyond the scientific interest it must be noted that a large class
of organic compounds, showing the formation of a 2D solid-like phase on the Hg electrode, are
purine basis. That is: molecules involved in the formation of supramolecular structures in both
DNA and RNA macromolecules[15], thus these studies serve also helping to single out intermo-
lecular interactions (pi-pi stacking, hydrogen-bond interactions) concerning the mimicking of
much more complex self-organized biological systems. In particular, a fundamental contribution
in the study of kinetic properties relevant to the nucleation and growth mechanism of 2D solid like
films is due to Claudine Buess-Herman in a series of seminal papers on such an intriguing topic[ 1—
3]. Notably also addressing the thermodynamic properties of the solid-like 2D ordered phase has
been the subject of a number of papers aiming to rationalize the reole played by the molecular

electronic structure in ruling the occurring of such a peculiar 2D phase transition[5,13,14].A re-



lated field of research concerns the much more ample area of studies devoted to prepare and char-
acterize the 2D ordered ultra-thin films of thiols adsorbed on gold, with the formation of so-called
self-assembled monolayers (SAM)[16-25]. Within the different thiol compounds a number of in-
teresting fundamental studies relate to cysteine SAMs on gold, where systematic chemical and
physical properties are studied and used for modellistic purposes, due to the simple structure of
cysteine and the fact that good quality SAMs can be easily prepared [26—28]. Notably, also the
formation of SAM obtained by exploiting the amino group adsorption capability has been observed
on gold, and SAM of thiols on metals different from the gold, are investigated: glassy carbon,
valve metals (Ni, Al, Cu) [29-32].Eventually, within this area of research also chemisorbed SAMs
are currently investigated, i.e.2D ordered SAMs of organic compounds covalently bound to the
surface (for instance glassy carbon [33] and silicon [34—37]).It must be noted that research con-
cerning 2D SAM functionalized surface is also of importance in practical applications allowing
for the production of hybrid interfaces used as sensors in analytical detection systems [38—40],
organic-electronics [41-43] and optronics [44,45]. Remarkably, the charge transmission properties
of 2D self-assembled monolayers are strictly relatedto the research activity concerning the field of
organic electronics. Moreover, the “conductivity” through organic SAMs is correlated with the
conductivity observed in organic systems upon chemical doping: the important field of conductive
polymers [24,46]. Typically in electrochemistry, the charge transmission ability of hybrid
metal/SAM electrodes is probed recording CVs of a suitable redox probe (quite often Fe3Fe2 [46—
48]). Within this picture, a peculiar electrochemical behaviour is shown by chiral poly-alanine
peptide SAMs adsorbed on gold. Where, despite the thickness of the monolayer, about 3.5 nm,
and the expected non-conductive nature of a long saturated carbon chain, a quite efficient charge
transfer efficiency has been detected when employing ferrocene as the redox couple [49,50], or
related suitable organic compounds [51,52]. A similar high efficiency in charge transmission
through long polyalanine systems has been exploited, and thus confirmed, in spin-dependent elec-
trochemical (SDE) studies [53-57].

Thus, the aim of this paper is to show, and confirm, that there is a clear-cut efficiency difference
in charge transmission between chiral and achiral SAMs (this is proved elaborating cyclic voltam-
metry measurements for a series of structurally related compounds able to form SAMs on gold).
Moreover, this approach is pushed further, and a rationale is proposed underlying such a peculiar

behaviour observed in chiral SAMs.



2. Chiral-induced spin selectivity (CISS) and spin-dependent electrochemistry

The chiral-induced spin selectivity (CISS) effect is based on the observation that the transmission
of electrons through chiral molecular systems is spin specific, as first reported by Prof. Ron
Naaman in 1999 [58]. In fact, it was proved that an Au surface coated with chiral SAMs ejects
spin polarized photo-electrons, both using circular polarized, as well as unpolarized, photons. The
development of the spin-dependent electrochemistry (SDE) concept follows the idea to study the
CISS effect in electrochemistry, using working electrodes(WE) functionalized with chiral com-
pounds [53]. In practice, spin injection can be obtained by using ferromagnetic materials in the
presence of a magnetic field. A typical experimental setup in SDE experiment employs a ferro-
magnetic metal for the working electrode?’, which is kept in tight contact with a permanent magnet
(on the side opposite to the solution). Then, spin polarization currents are measured as a function
of the magnet orientation, the orientation of the magnet controls the spin-polarized (up or down)
injection, thus allowing to measure the current (spin-polarized current) as a function of the spin
(up or down) injection (i.e. as a function of the magnet orientation placed in tight contact with the
WE) [59,56]. Note that, a definitive, and widely accepted, theoretical model able to explain in full
why charge transmission in chiral systems is more effective is not yet available. Just to a lower
level of complication, even a theory able to rationalize the electron conduction in organic systems
(without the complication of symmetry specific constraints) is still open to study. The Landauerer
model is within this context the most widespread accepted approach [60], but a definitive well-
defined picture is still missing: topological, statistical based, quantum mechanical models are
available in the literature [61,62]. Within this field the study of the mechanism of electron conduc-
tion in the specific case of Self-Assembled alkanethiol monolayer has also been tackled, by using
the Simmons equation, and more in general leading to relationships in the form J o e 7#¢ where d
is the molecular length and f is found a parameter which depends on the applied bias [63,64].
Quite recently the influence of the presence of a model helical potential (due to the handedness of
a chiral molecule) on the polarization of transmitted electrons has been theoretically proved [65—

67].
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3. Experimental

3.1 Chemicals

All the compounds are reagent grade, and purchased from Sigma: 8-mercapto-1-octanol (M8O)
706922 CAS Number 33065-54-2,3-mercaptopropionic acid (MPA)M5801 CAS Number 107-96-
0, L-cysteine (Lcys) 30089 CAS Number 52-90-4, D-penicillamine (Dpen) P4875, Potassium
hexacyanoferrate(Il) 455989 CAS Number 14459-95-1, potassium hexacyanoferrate(Ill) CAS
Number 13746-66-2, KC1 P9333 CAS Number: 7447-40-7. Quasi-Au(111) surfaces served as the
working electrode: 200 nm gold thickness, on 5 nm Cr adhesion layer, on top of a silicon 0.5 mm
thickness wafer, Si(100) Siltronix [68]. Before each measurement, the gold working electrode was
polished with alumina paste (1 pm particles), sonicated in isopropanol solution for 10 min, and
then subjected to “gentle” flame annealing: sixty seconds on an ethanol flame. Reagent grade water

was obtained using a Milli-Q, Millipore, system.

3.2 Electrochemical Measurements.

Electrochemical measurements were carried out in a three-electrode cell using a large area Plati-
num wire as the counter electrode, and a silver wire as pseudo-reference electrode.Application of
a suitable calibration procedure allowed to calibrating the measured potentials with respect to the
saturated calomel electrode (SCE). A polycrystalline gold disk, quasi-Au(111), 10 mm in diameter
served as the working electrode.All the electrochemical measurements were carried out by using
an Autolab PGSTAT204 (Metrohm Autolab) potentiostat equipped with a frequency response an-
alyser FRA32M module. Cyclic voltammetry (CV) were recorded as a function of the potential
scan rate: 10, 25, 50, 100 250, 500 mV/s in a solution 1 mM potassium ferrocyanide, (Fe2) ImM
potassium ferricyanide (Fe3), 0.5 KCl water solution is the supporting electrolyte. Electrochemical
impedance spectroscopy (EIS) measurements were performed in the range 10°— 0.1 Hz with 10mV
peak-to-peak potential amplitude, at a constant equilibrium potential: selected by measuring the
relevant open-circuit potential (OCP) for each analysed solution. All of the solutions were prepared
with ultrapure water (Milli-Q system from Millipore). An incubation time of 12 hours was used to
produce SAM functionalized gold surfaces. The concentration of the incubation solution was 10
mM. This at variance for Lcys (and Dcys) for both these compounds it was used a saturated solu-

tion.



3.3 Atomic force microscopy (AFM) measurements.

Atomic force microscopy (AFM) (PicoSPM, Molecular Imaging, Tempe, AZ, USA) was used to
acquire images of the SAM functionalized surfaces (512 px x 512 px, Sum x Sum) and evaluate
the roughness. The measurements were performed in contact mode with a non-conductive Si3N4
triangular cantilever (NP-S10, Veeco, Plainview, NY, USA): 0.4 - 0.7 um range in depth, 0.12
N/mforce constant, 0.5 V force set point and 1.21 I/s speed.

3.4 Theoretical calculations.

Theoretical calculations have been performed at CAM-B3LYP/cc-pVTZ level of the theory using
Gaussian [69]. Full geometry optimization, without any symmetry constraint, was followed by
density functional (DFT) time dependent (TD) calculations of the absorption electronic spectrum,
with also the calculation of the optical rotation property response (circular dichroism, CD) and
optical rotation (OR). The optical rotation (OR) was calculated at an exciting energy wavelength

of 589.3 nm, i.e. the energy of typical sodium lamp light source.

3.5 X-ray photo-electron (XPS) measurements

X-ray photo electron spectroscopy measurements were carried out at normal emission, with a VG
XR3 double anode, and a X ray source delivering Mg Ka photons at 15 kV and 15mA.A CLAM2
VG hemispherical analyser driven at constant pass energy was employed. Survey spectra were
recorde with an analyser resolution of 2 eV. Elemental spectra feature a higher resolution of 0.5

eV. Results are reported in the Supporting Information.

4. Results and Discussion

Chart 1 sets out the molecular structures of the thiols used for the gold surfaces functionalization.
These compounds have been selected on the basis of some precise criteria: M8O isa rather long
alkyl chain molecule able to form a, quasi-blocking, non-conducting SAM MPA is an achiral
molecule featuring a short alkyl chain carbon backbone, Lcys and Dpen are chiral compounds and
epitome molecules used in previous spin-dependent electrochemistry studies [29,70,71]. MPA,
Lcys and Dpen feature the same alkyl carbon backbone structure, which means that they form
SAMs of the same thickness (compare Chart 1). Remarkably also the functional groups are exactly

the same, with the carboxylic group facing the solution.



Chart 1.
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4.1 Cyclic voltammetry

Figure 1a shows typical CV curves recorded using a quasi-Au(111) functionalized working elec-
trode, at a fixed value of scan rate, v,of 50 mV s~1. Qualitatively, quite similar CVs are obtained
in the 20 to 500 mV s-1 potential scan rate.The same reciprocal ordering in the CV curves is
maintained, i.e. when the CV curves of the different compounds are compared at a given value of
potential scan rate, the reversibility hierarchy results bare Au = Au|Lcys > Au/Dpen > Au|MPA >
Au|MS8O (for the sake of comparison, Figure 1SI shows CV curves for a gold D-cysteine function-
alized electrode, as a function of the potential scan rate). The CV curve of a Fe3Fe2 redox couple
on the bare-Au surface, Figure 1 black curve, shows an almost ideal pattern with a 78 mV anodic
vs cathodic peak-to-peak potential separation (AE}),AE, = Epeak anodic — Epeak cathodic> moreo-
ver the ratio between the anodic and cathode peak currents is quite close to unity. These results
serve as a cross check to confirm the high quality of our pristine gold surface. The CV observed
with the Lcys functionalized gold surface is virtually coincident with that of the bare gold surface.
Also the application of any possible fitting procedure is useless in differentiating the bare and Lcys
CVs, due to the negligible difference observed between these two curves: compare the black (bare-
Au) and red (Lcys) curves in Figure 1a.What is more, also the pattern AE, vs v of the AulLcys

functionalized electrode is almost coincident with that of the bare-Au electrode, compare black



and red curves in Figure 1b, which are the bare and A|Lcys electrodes, respectively. The results
obtained using the chiral D-penicillamine are similar to those obtained with L-cysteine (the struc-
tures of Lcys and Dpen differ just for the presence of two side chain methyl groups), but a not
negligible deviation from the bare-reference bare gold surface is evident. In particular, the
AE,value, 0.130 V, is slightly, but significantly, larger than that of the bare Au and Au|Lcys sys-
tems. Indeed, the pattern AE), vs v of the Au|Dpen functionalized electrode is definitively different
with respect to those of the bare-Auand Au|Lcys electrodes: compare blue, red and black curves
in Figure 1b, Au/Dpen,A clear-cut difference in the electrochemical behaviour is evident for the
Au|MPA electrode, the relevant CV and AE, vs v curves are shown in Figure 1a and 1b (green
line), respectively. Still a quasi-reversible behaviour can be inferred from CV curves, that is a
rather symmetrical CV curve around the OCP potential and the anodic to cathodic current ratio is
close to unity. Nonetheless, the peak-to-peak potential difference is significantly larger,for MPA
AE, = 0.190 V atv = 50 mV 571, than that of the bare-Au surface and the OCP is shifted to more
positive potentials. Also the pattern of the AE,, vs v graph shows a marked deviation, getting larger
and larger, at increasing the potential scan rate, compare Figure 1b green curve.Eventually the
Au|M8O electrode, it forms the longest and less conductive SAM, andindeed the overall electro-
chemical behaviour is characterized by lower current values and by a clear shift of the OCP to
more positive potentials, also the peak-to-peak potential difference is the largest and features the
largest gradient as a function of the scan rate, compare Figure 1b.As a further check, the relation-
ship between the current of the anodic peak as a function of the square of the potential scan rate,v?,
is found linear, as it is theoretically expectedin the case of a nernstian (fast and reversible), and

diffusion controlled, charge transfer mechanism, thel,, vs. vZpattern should be linear [72].

Figure 1
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Figure 1. a) CV curves Fe3Fe2 SmM solution, 0.5 M KCl in water: black (bare Au), blue (Lcys),
red (Dpen), green (MPA), magenta (M8O). b) Graph of AE,, vs. v? data obtained by elaborating
the CV curves of Fe3Fe2 5SmM 0.5 M KCl aqueous soltion: black (bare Au), blue (Lcys), red
(Dpen), green (MPA), magenta (M8O).
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4.2 Electrochemical impedance

Figure 2
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Figure 2. Electrochemical impedance spectra recorded in the 10°— 0.1 Hz range with a 10 mV

peak-to-peak amplitude 10 sinusoidal perturbing signal. EIS curves are recorded at the equilib-

rium standard potential of a Fe3Fe2 SmM, 0.5 M KCl aqueous solution: black (bare Au), blue
(Au|Lcys), red (Au|Dpen), green (Au[MPA), magenta (Au/M8O).

Figure 2 sets out EIS curves recorded at the equilibrium standard potential: Fe3Fe2 SmM, 0.5 M
KCl aqueous solution. On the whole, the EIS experimental outcomeis fully consistent with the
electrochemical pictureobtained by elaborating the CV curves. From a qualitative point of view,
the same EIS pattern is obtainedfor all the five systems here investigated: a high-frequency semi-
circle, which is followedby aconstant phase angle pattern in the low frequency region(Warburg
diffusion behaviour). The different spectra were fitted with a parallel capacitance (representative
of the interfacial double layer, Cy4;) and resistor, R, (representative of the charge transfer rate
constant, K.;) circuit in series with a Warburg type element. TheR ., values are found to increase
in the order (the relevant values of K., decrease) bare gold(30 Q) < Lcys|Au (35 )< Dpen|Au
(260 Q)< MPAJ|Au (410 Q)< M8OJAu (1500 Q). Impedance spectra were simulated by using the
Autolab NOVA EIS spectrum analyser program[73].

4.3 Theoretical calculation of electronic spectra
Theoretical calculations of the electronic UV/Vis and relevant circular dichroism (CD) spectra of

both Lcys and Dpen show a rather similar outcome, compare Figure 3.Time-dependent density
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functional theory (TD-DFT) calculations were carried out considering the first 20 excited states.
Note that,on the whole the CD spectrum of Lcys shows slightly larger R(strength) values. Indeed,
the calculation of the optical rotation (OR) yields 217.7 deg. for Lcys; while a smaller value (the
absolute value of the OR value must be considered) of—110.4 deg. is obtained for Dpen. Thus, if
we assume that a larger OR value can be considered as a more prominent chirality manifesta-
tion[57],the ordering obtained on the basis of the OR values allows to rationalize the better ability
of Lcys in the charge transmission process with respect to Dpen, as connected to a “more preemi-

nent” chiral character of Lcys with respect to Dpen.

Figure3
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Figure 3. a) CAMB3LYP/6-31G(d,p) TD-DFT theoretical UV/Vis spectra calculated for Lcys
(red) and Dpen (blue). b) the relevant R(Strength) circular dichroism spectra: Lcys (red bar) and
Dpen (blue bar)

4.4 Atomic force microscopy

AFM images were recorded to assess the influence of the functionalization process on the mor-
phology of the surface. Figure 4a shows the surface morphology of the bare quasi-Au(111) pristine
surface. Figure 4b and 4c¢ sets out, as an example, the surface morphology of the functionalized
Au|Lcys and Au|Dpen surfaces. Qualitatively,the samples appear rather flat at the nanoscale, con-
firming that the functionalization and the sustained treatments did not end up in any dramatic
damage of the surface.The root mean square (RMS) roughness, Rims, values were also measured
and used as an indication of the surface coarseness induced by functionalization using the different

molecules here studied.
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Figure 4
b)

i g . i - i
Figure 4. AFM scans of the electrodes, scan area 5.0 pum % 5.0 um, surface morphology of a)
bare gold b) Au|Lcys c¢) Au|Dpen.

The following Rims values are obtained: bare quasi-Au(111) 1.59 (£0.2) nm, Au|Lcys 1.73 (£0.15)
nm, Au|Dpenl.93 (£0.1) nm, Au/MPA 1.77 (£0.15) nm, Au/M8O 1.73 (£0.15) nm. As a whole,
the variations of the Rimsvalues for the different samples are minimal and comparable with the
roughness of the bare pristine quasi-Au(111) surface.Thus, we can conclude that the functionali-
zation treatments do not result in a surface with higher roughness with respect to the original pris-
tine gold, and that the different results observed in the electrochemical behaviour stem from the
different structure of the compounds here studied rather than from geometrical inhomogeneity in

the surfaces.

5. Conclusions

CV measurements using theFe3Fe2 redox couple are exploited to probe, in a systematic way, the
charge transmission ability of chiral vs. achiral molecular systems,selectingfour structurally re-
lated organic compounds[46,51] (which means to probe the conductivity, i.e. the charge transmis-
sion through the SAM [61,74,75]). To this end, four structurally related organic compounds have
been selected: two achiral and two chiral. This aiming to unravel quite recent and peculiarelectro-
chemical results obtained in the case of gold functionalized with chiral SAMs of large thick-
ness:long polypeptide chains up to 3.5 nm(polyalanine featuring from 5 to 9 repeating units
[15,49,50,54,55,76]) show an “anomalous” high charge transmission, a characteristic also ex-
ploited in so-called spin-dependent electrochemistry studies [56,77,78]. In general, the above men-
tioned picture is inferred on the observation of a quasi-reversible behaviour of Fe3Fe2 CV curves.
Indeed in this work it is confirmed, in a systematic way, that chirality plays a fundamental role in
the charge transmission. Please note that Lcys(the relevant CVs are virtually overlapping to those

of the bare gold surface) is characterized by a larger optical activity with respect to Dpen. Thus if
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we consider the OR as a measure of chirality manifestation, a hierarchy is here determined in terms
of “chirality” and efficiency in the charge transmission process. To the best of our knowledge, this
is the first report of such observation, which allows for a tight correlation between the “chiral
character” of a chiral compound and the relevant ability in the charge-transmission property (which

is also related to the CISS effect).
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