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ABSTRACT

An in situ and real time electrochemical method has been devised for quantitatively monitoring
the self-assembly of a ferrocene-labeled cyclic disulphide derivative (i.e., a thioctic derivative)
on a polycrystalline gold electrode under electrode polarization. Taking advantage of the high
sensitivity, specificity, accuracy and temporal resolution of this method, we were able to
demonstrate an unexpectedly facilitated formation of the redox-active SAM when the electrode
was held at a moderate cathodic potential (-0.4 V vs. SCE in CH3CN), affording a saturated
monolayer from only micromolar solutions in less than 10 min, and a totally impeded SAM
growth when the electrode was polarized at a slightly anodic potential (+0.5 V vs. SCE in
CH;CN). This method literally allows for switching on/off the formation of SAMs under “soft”
conditions. Moreover the cyclic disulphide-based SAM was completely desorbed at this potential
contrary to the facilitated deposition of a ferrocene-labeled alkanethiol. Such a strikingly
contrasting behavior could be explained by an energetically favored release of the thioctic-based
SAM through homolytic cleavage of the Au-S bond followed by intramolecular cyclization of
the generated thiyl diradicals. Moreover, the absence of a discernible transient faradaic current
response during the potential-assisted adsorption/desorption of the redox-labeled cyclic
disulphide led us to conclude in a potential-dependent reversible surface reaction where no
electron is released or consumed. These results provide new insights into the formation of
disulfide-based SAMs on gold, but also raise some fundamental questions about the intimate
mechanism involved in the facilitated adsorption/desorption of SAMs under electrode
polarization. Finally, the possibility to easily and selectively address the formation/removal of
thioctic-based SAMs on gold by applying a moderate cathodic/anodic potential offers another
degree of freedom in tailoring their properties and in controlling their self-assembly,

nanostructuration, and/or release.




INTRODUCTION

Spontaneous chemisorption of sulphur containing molecules from solution onto metal gold
surface (i.e., by simple immersion of a bare gold surface in a diluted solution of the sulphur
compound) is certainly the most popular and widely used method for preparing stable and
oriented self-assembled monolayers (SAMs).'* However several important issues have been
identified. It is well recognized that it is difficult to reproducibly prepare sulphur-based SAMs on
gold with identical properties and in a predicable manner, although scrupulously identical
preparation conditions may have been used.’ It has also been established that the formation and
quality of SAMs is strongly dependent on a wide range of experimental parameters such as the
solvent used during the chemisorption process, the mass transport setting, the adsorption
temperature, the adsorbate concentration, the cleanliness, chemical composition and/or structure
of the gold surface (i.e., degree of gold crystallinity, surface roughness, presence of gold oxides,
defects, impurities and/or contaminations), and the immersion time (including annealing and/or
aging time)."™®’ Other important factors such as the type of sulphur function (i.e., thiol,
sulphide, disulphide, dithiocarbamate) used to bind the metal and the chain length connected to
the sulphur anchoring group add to the numerous parameters involved in SAM preparation,
rendering thus particularly difficult the selection of an appropriate procedure. Another important
concern is the slowness of the spontaneous self-assembly process, which may require immersion
times of hours or even days in millimolar concentrations of the adsorbate for producing well-

packed and ordered monolayer films.*”*"!

The development of alternative methods for preparation of SAMs with improved quality,
reproducibility, within shorter time and in a more predicable manner is thus an important issue.

One interesting approach which has been so far only marginally explored, consists to control the



self-assembly of alkanethiols on gold by the electrode potential.'’>"> For example, Ma and
Lennox have shown that a moderate anodic potential (ranging from +0.2 to +0.6 V vs. Ag/AgCl)
applied to a gold electrode in a solution of n-alkylthiols or a mixture of n-alkylthiols in ethanol
leads quickly (in less than 15 min instead of hours under open circuit potential) to a saturated
close-packed monolayer with excellent blocking properties against free diffusing redox probes in
solution.'” There is however no clear mechanism for explaining this phenomenon. The Paik’s
group has proposed that the facilitated formation of SAMs from n-alkanethiols under electrode
polarization results from an electrochemical oxidation during which gold surface atoms are
oxidized as the metal-sulphur bonds are formed, resulting in a net anodic current.'®'” The same
authors have also explored the potential-assisted formation of SAMs from dialkyl disulfides*
and, on the basis of the transient cathodic currents at a gold electrode held at 0 V (vs. Ag/AgCl)
subsequent to the injection of millimolar dipropyl disulphide solutions, they stated that,
conversely to n-alkanethiols, dialkyl disulfides adsorb through an electrochemical reaction that
results in a net cathodic current.'®!” These assertions are however uncertain because the transient
currents observed during injection of thiol or disulphide could simply arise from a change and/or
perturbation of the double layer charging current (vide infra). Moreover, the transient peak
currents were poorly reproducible (some of them showing fluctuations and multiple spikes),
integrations did not well-match the faradaic charge required for a monolayer deposition, and the
current did not increase simultaneously with the recorded mass increase by quartz crystal

. . 1
microgravimetry. 6

To get better insight into the effect of an applied potential during the formation of SAMs
from disulphide derivatives and in an attempt to clarify the underlying kinetics and mechanism,

we have here investigated the potential-assisted deposition of a redox-labeled cyclic disulphide



on a polycrystalline gold electrode in acetonitrile. As a prototypical cyclic disulphide, we have
selected the 5-(1,2-dithiolan-3-yl)pentanol, a thioctic acid derivative which, thanks to its two
sulphur anchoring groups, displays a significantly stronger binding affinity to gold than the
corresponding monopodal acyclic disulfides or thiols."®! The 5-(1,2-dithiolan-3-yl)pentanol was
coupled through its terminal -OH function to a redox-active ferrocenoyl group, leading to (1,2-
dithiolan-3-yl)pentyl ferrocenecarboxylate ester (FcCO,DT in Figure 1). On account of the
presence of the one-electron reversible redox probe, one can anticipate that the FcCO,DT self-

assembly can be in situ electrochemically monitored at a polarized gold electrode.

The use of redox-labeled alkanethiols for the electrochemical determination of SAM
formation kinetics is not unprecedented”* > but, to the best of our knowledge, it has never been
proposed for an in situ and real time monitoring of SAM growth. Compared to other in situ
surface sensitive methods such as quartz crystal microbalance,” surface plasmon resonance, '’
surface conductance,”® or second harmonic generation,” the electrochemical approach could
selectively distinguish surface excess of adsorbate from unrelated adsorbed species such as
solvent or ions. It is also an accurate and sensitive method since fractional coverage as low as
0.2% of a redox-active monolayer could be routinely detected by cyclic voltammetry (CV).*®
Another significant advantage of the electrochemical method stems from its short time
resolution, potentially authorizing an in sifu monitoring of SAM growth by CV with a temporal

resolution in the order of seconds (vide infra) or even less.
RESULTS

Before studying the self-assembly of FcCO,DT on gold, the electrochemical behavior of a

homogenous solution of FcCO,DT was examined by CV at a glassy carbon electrode (Figure 1).



As expected, the CV shows a well-defined one-electron diffusion-controlled reversible wave
centered at a standard potential of E = +0.66 V, representative of the ferrocenoyl group. The
reversible wave is accompanied by two irreversible diffusion-CONTROLLED peaks, one
localized at a high cathodic potential (E, . = -2.0 V) and the other at a high anodic value (E,, =
+1.16 V). These two irreversible waves are characteristic of the reductive and oxidative cleavage
of the disulphide bond, respectively.””® It is noteworthy that their intensities are 1.2—1.3-fold
higher than the anodic or cathodic peak current of the reversible wave of ferrocenoyl, suggesting

that more than one electron is involved in both the reductive and oxidative process.*’**

In situ monitoring of the FcCO,DT self-assembly on gold was performed as follows. A
freshly polished polycrystalline disk gold electrode is immersed in a diluted solution of
FcCO,DT in 0.1 M TBABF4+/CH;CN (beforehand carefully deaerated by argon bubbling) and
then held at the desired potential (£, ) for a given period of time in a non-agitated solution. The
amount of chemisorbed FcCO,DT on gold is then sampled by a fast CV scan (starting AND final
potentials were equal to E,,,;) at regular time intervals during polarization (typically every 13 s).
A scan rate (v) of 10 V/s was selected so that the CV acquisition time remains negligible (0.25 s)
compared to the polarization time intervals. Moreover, as the FcCO,DT concentration was in the
micromolar range (i.e., < 20 uM), the voltammetric contribution of the free-to-diffuse FcCO,DT
molecules in solution represents an insignificant fraction of the total current measured, allowing
thus the adsorption progress to be in situ determined by measuring the charge under the
voltammetric peaks of chemisorbed FcCO,DT. Different applied potentials localized within the
potential window of -0.5 V to +0.5 V (vs. SCE) were selected. As it can be seen in Figure 1,
FcCO,DT does not lead to any electrochemical reduction or oxidation in acetonitrile within this

potential window.
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Figure 1. CV of FcCO,DT (1 mM in 0.1 M TBABF,/CH3CN) at a glassy carbon electrode. Scan rate: 0.1 V/s. The red plot
corresponds to the CV blank response before the addition of FcCO,DT.

A typical series of CVs recorded at a gold electrode held at a slightly cathodic potential
of -0.4 V in 1 uM solution of FcCO,DT is shown in Figure 2A. The growing of a well-defined
reversible pair of symmetric peaks, characteristic of the ferrocene/ferrocenium couple, can be
clearly discerned at the formal potential E/ = +0.70 V.% Analysis of the anodic or cathodic peak
currents as a function of the scan rate shows a linear dependence (Figure S1 in Supporting
Information), which is typical of a surface-confined electroactive centre. The FcCO,DT surface
concentration (/7.) as a function of electrode polarization time (¢) was obtained by integration of
the charge under the anodic peak current of ferrocene (i.e., after baseline subtraction) and
considering a one-electron exchanged per molecule of FcCO,DT. The resulting adsorption
kinetic plot (Figure 2E, blue curve) shows a linear increase of the ferrocene surface
concentration over the first 600 s, followed by an asymptotic growth at longer time scale,

reaching a limiting value of 3.7 x 10™'° mol/cm™ after more than 30 min.

This limiting value is close to the theoretical maximum coverage that can be calculated for

densely-packed ferrocene head groups on a flat solid surface (i.e., 4.5 x 107 mol/cm ).’ This



is also in fairly good agreement with the value of 3.5 x 10™'° mol/cm™ previously found for a
saturated monolayer of a nitrilotriacetic-thioctic acid derivative on a polycrystalline gold
electrode.?® To definitely demonstrate that a saturated coverage was reached, the experiment was
repeated for a higher solution concentration of 20 uM FcCO,DT (Figure 2E, red curve). Under
these conditions, the steady-state coverage was reached in a shorter time (<8 min),
demonstrating a concentration dependence of the chemisorption rate (a ~20-fold increase of the
initial adsorption rate was obtained when passing from 1 to 20 uM FcCO,DT). The limiting
coverage value was nearly the same than at 1 pM, indicating that a saturated close-packed

monolayer of FcCO,DT was formed on gold.

At a scan rate of 1 V/s (Figure S2), the electrochemical behavior of the saturated redox-
active SAM 1is remarkably close to that theoretically expected for an ideal Nernstian redox
species adsorbed on an electrode surface (i.e., the peak-to-peak potential separation, AE,, differs
by less than 13 mV and the fwhm for each peak was 102 mV, close to the theoretical values of
AE,=0mV and fwhm = 89 mV at 20°C).*° Such nearly ideal behavior suggests few interactions
between the immobilized ferrocene/ferrocenium molecules and a relatively high homogeneity
around the redox centre and thus of the redox-active SAM layer, reflecting the high degree of
self-organization afforded by the potential-assisted deposition method. The possibility to reach a

saturated SAM monolayer from an only 1 uM disulphide solution is another remarkable result.

To verify that the CV sampling at each time interval (13 s) does not influence or perturb the
adsorption process, we have tested lower CV sampling frequency (ranging from 60 s to 10 min)
and the resulting kinetic plots were the same. Concomitantly to the increase of the ferrocene peak
currents during SAM formation, the capacitive current decreases with time (Figure 2A). By

plotting the capacitance density (obtained from the anodic capacitive current at +0.45 V) as a
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Figure 2. (A) CVs (v = 10 V/s) periodically recorded at a gold electrode held at E,,,. =-0.4 V (vs. SCE) in a1 uM FcCO,DT (in
0.1 M TBABF,/CH5CN). The first CV was recorded after 5 s of electrode polarization and the last one after 39 min (the CVs
were recorded every 13 s, but for clarity only scans numbered 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140,
150, 160, 170, and 180 are shown). (B) Same as in A, but without electrode polarization (each CV scan was recorded every 125 s
atv=10V s). (C) Same as in A but for a gold electrode held at E,,, = +0.5 V. (D) After the last scan in A, the SAM-modified
gold electrode was transferred in a pure 0.1 M TBABF,/CH3;CN and poised at E,pp. = +0.5 V for 39 min, while a CV scan was
periodically sampled every 13 s (i.e., same CV sampling procedure than in A). For clarity, only scans numbered 0, 1, 2, 3, 4, 5, 6,
7, 8, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, and 180 are shown (the scan 0 was acquired just
before the electrode was poised at +0.5 V). In A, B and D, the green and blue arrows indicate, respectively, the progress of the
capacitive and faradaic current responses as a function of time. (E) Kinetic plots showing the progress of (blue and red plots) 7+
and (green plot) Cq as a function of time in a solution of (e, O, m) 1 uM or (v, V) 20 uM FcCO,DT and for an electrode (e, V,
m) held at -0.4 V or (O, V) under OCP. (F) Desorption kinetic plot at +0.5 V resulting from the integration of the anodic peak

currents in D. Black curve: double-exponential decay fit.



function of polarization time (Figure 2E), a good correlation is obtained between the direct
monitoring of SAM growth via the redox probe and its indirect tracing through the capacitance
density measurement (Figure S3). The kinetic plots based on the capacitance measurement are
however much less well-defined and resolved that the plots based on CV measurement, clearly

illustrating the relevance of the in sifu electrochemical detection of a redox-labeled SAM

In order to compare the SAM formation under controlled potential to conventional
passive adsorption (i.e., without electrode polarization), the experiment was repeated at a freshly
polished gold electrode immersed in a 1 uM or 20 uM solution of FcCO,DT under open circuit
potential (OCP). The surface coverage was then determined, as previously, from fast CV scans
(10 V/s) repeated at regular time intervals (Figure 2B). As a precaution, a longer time interval of
125 s was selected to avoid any possible impact of CV scans on the SAM formation. The
resulting CVs (Figure 2B) and adsorption kinetic profiles (Figure 2E) show that, regardless of
comparable adsorption rates at the early stage of SAM formation, values of ferrocene peak
intensities were much lower than those obtained under applied potential, reaching a maximum
coverage of only ca. one-third of that obtained under the slightly cathodic applied potential (i.e.,
T =125 x 10" mol/em™ at 1 pM and 7j. = 1.55 x 107 mol/em™ at 20 uM). This result
clearly demonstrates the beneficial effect of a slightly cathodic applied potential to the SAM
formation. It also illustrates that, under OCP and low disulphide concentrations, saturated
coverage could not be reached. This latter observation suggests that the chemisorption process is
governed by an apparent equilibrium binding and not by an irreversible binding reaction as it is
often assumed for the chemisorption of sulphur-containing molecules on gold surfaces.”'*** The
data also suggest that the effect of the applied potential look likes much more as a

thermodynamic control on the adsorption reaction than a stimulus on the binding kinetics, in

10



other worlds the applied potential at -0.4 V is able to enhance the affinity binding of FcCO,DT

for the gold surface.

The effect of a moderate anodic applied potential during SAM formation was next examined
with a gold electrode held at +0.5 V (Figure 2C). In stark contrast to the former results at -0.4 V
and whatever the polarization time, no ferrocene signal could be observed in the CV, showing
only a stable capacitive baseline current with time. The experiment was repeated at a higher
concentration of 20 uM FcCO,DT and the same result was obtained (Figure 3A). This behavior
was rather unexpected because in total contrast to the facilitated formation of SAM from
n-alkanethiols using similar anodic applied potentials.'> Such a drastic effect has not been
described by Paik and coll. It is likely that, at the low concentration of FcCO,DT we have used,
it is easy to discriminate the potential-assisted SAM growth from the spontaneous SAM
formation, which is no more the case at the millimolar dipropyl disulphide concentrations used
by Paik and coll.'!" Such a contrasting behavior is also likely related to a different potential-

assisted adsorption/desorption mechanism between cyclic disulfides and acyclic disulfides.

The lack of FcCO,DT adsorption at +0.5 V suggested that the corresponding disulphide-
based SAM could be desorbed at this potential. To verify this hypothesis, a gold electrode
covered by a saturated monolayer of FcCO,DT was transferred in a pure solution of 0.1 M
TBABF4/CH;CN and then periodically scanned by CV while an electrical potential of +0.5 V
was applied (Figure 2D). As expected, the reversible peaks of ferrocene rapidly decreased as a
function of polarization time, whereas the initial formal potential centered on E’ = +0.70 V,
representative of the immobilized ferrocene probe, was progressively shifted to a potential value
+0.66 V characteristic of the standard potential of FcCO,DT in homogeneous solution (Figure

2D). It is important to note that the ferrocene signal decrease cannot be related to an instability or

11



decomposition of the redox probe because at +0.5 V the ferrocene remains in its highly stable
reduced form.” The resulting desorption kinetics shown in Figure 2F is characterized by a
double-exponential decay with a fast primary desorption process during which more than half of
the surface coverage is rapidly lost over the first few seconds, followed by a much slower
exponential desorption rate over several tens of minutes. Clearly, the plot of desorption kinetics
at +0.5 V is distinct from the adsorption process at -0.4 V, indicating a different mechanism

between the potential-assisted desorption and adsorption

In order to enlighten differences between the potential-assisted self-assembly of a cyclic
disulphide and an alkanethiol on gold under a moderately applied anodic potential, the -
mercaptohexyl ferrocenecarboxylate ester was synthesized according to published procedures®'~*
and tested at 20 uM using the same potential-assisted deposition/in situ measurement procedure
as described above (i.e., E,,, = +0.5 V). In stark contrast to the CVs reported in Figure 3A for
FcCO,DT, the growth of a well-defined reversible wave of ferrocene was obtained as a function
of polarization time (Figure 3B), confirming the results previously obtained by other groups for
the potential-assisted deposition of alkanethiols in ethanol or aqueous buffer.'> After the SAM
formation, the modified gold electrode was transferred in a pure 0.1 M TBABF4/CH;3CN solution
and tested for its stability by periodically scanning a fast CV while an electrical potential of +0.5
V was applied. After 25 min of electrode polarization, only a slight decrease (~15%) of the

reversible wave of ferrocene could be observed, definitely demonstrating the contrasting

behavior between an acyclic thiol and the cyclic disulphide.

12
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Figure 3. CVs (v = 10 V/s) periodically recorded at a gold electrode held at E,,p,. = +0.5 V in a (A) 20 uM FcCO,DT and (B) 20
UM @-mercaptohexyl ferrocenecarboxylate ester (in 0.1 M TBABF,/CH;CN). CVs were recorded every 8 s during electrode
polarization, but for clarity only scans numbered 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170,
180, 210, 240, 270, and 300 are shown.

DISCUSSIONS

The obtained results raise some fundamental questions about the adsorption/desorption
mechanism of disulfides and more specifically of cyclic disulfides. Electrochemical reductive
and oxidative desorption of n-alkylthiol from gold is a well-known feature of SAMs, but it was

33-37

reported to occur at highly cathodic (< -1.0 V vs. SCE) and highly anodic potentials (> +0.7

V vs. SCE).*** Moreover, these processes were identified as electrochemical reactions leading

to a net cathodic®>’

or anodic current.*® In the present case, the effect of the moderate electrode
potentials on the SAM formation (or SAM desorption) appears to be completely different. Our
results suggest an equilibrium reaction that can be tuned with the applied electrode potential. The
spontaneous binding kinetics of sulphur-based compounds on gold is frequently kinetically

described by an irreversible binding reaction process,”*'™* where for disulfides the S-S bond is

cleaved according to reaction (1), leading to the same RS-Au surface species as observed for

thiols. ¥

13



2 Au(0) + RS-SR — 2 RS-Au(l) (1)

There is however evidence in literature that the spontaneous binding of sulphur compounds to
gold may be related to an apparent equilibrium binding (in line with our observations in Figure
2E under OCP),******> for which the reaction of chemisorption would be in competition with a
back desorption reaction, leading to the release of a product that would correspond to a thiolate
or a disulfide.’* The reversibility of the thiolate-metal bond also explains why SAMs of
alkanethiolates can be thermally desorbed and undergo exchange with free thiols.**** On account
of our results, we thus propose that the FcCO,DT chemisorption follows a potential-dependent
equilibrium binding process which is displaced to the forward reaction (disulphide bond cleavage
followed by Au-S bond formation) when the electrode potential is left at slightly cathodic value
and, conversely, is switched back to the Au-S bond dissociation reaction when setting the
electrical potential to a slightly anodic value. If we assume that the Au-S bond dissociation
proceeds through homolytic cleavage, it is conceivable that, because of the energetically favored
intramolecular reaction of cyclization, a preferred release of the disulphide product arises at +0.5
V. This hypothesis is supported by the fact that no significant desorption of the redox-active
SAM generated from the acyclic w-mercaptohexyl ferrocenecarboxylate ester could be observed
at the same potential. The chemisorption reaction could thus be finally viewed as a potential-
dependent reversible surface reaction (reaction 2) where no electron is released or consumed,

which is fundamentally different to the mechanism previously proposed by Paik and coll.'*"

R R )
2 Au(0) +Q/ — (Y
I\ S 3

Au(ll) Au(l)
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The absence of electrochemical reaction leading to a net flow of faradaic current during
either SAM formation or SAM desorption is supported by the fact that, whatever the scan rate,
we were unable to see any irreversible peak in CVs that would reflect an irreversible
electrochemical oxidative desorption or reductive adsorption within the potential window of
interest (this is not the case for the reductive desorption of n-alkylthiol SAMs from gold where a

well-defined irreversible peak at highly negative potentials can be observed'®!’

). Moreover, no
faradic response could be observed after stepping the potential of a bare gold electrode immersed
in a 20 uM FcCO,DT from +0.5 to —0.4 V and also after stepping the potential of a saturated
FcCO,DT-SAM-coated gold electrode from -0.4 to +0.5 V in a pure solution of 0.1 M
TBABF4+/CH;CN. In these cases, only a fast exponential decrease of the capacitive current was
obtained (Figure S4). According to the large values of the capacitive current densities recorded
during the potential step experiments, the possible low faradic current which would be associated
to an electrochemical reductive adsorption or electrochemical oxidative desorption would be
masked by the high values of the charging current. In order to evaluate the magnitude of the
transient faradic current that would be recorded for a 2 e reaction per chemisorbed molecule, the
double exponential fits of the kinetic plots in Figures 2E and 2F were derived with respect to
time and multiplied by the Faraday constant ( j=2Fdry/dt ). The resulting faradic current densities
as a function of time give maximal values of 1-2 pA/cm? for both the adsorption and desorption
processes (Figure SS5), several order of magnitudes lower than the discharge of the capacitive

current density (Figure S4). The faradic process, if existing, could thus not be discerned under

the selected potential-step experimental conditions.

To definitively clarify whether a faradaic process is involved in the chemisorption of

FcCO,DT under a slightly cathodic electrode polarization, the amperometric response of a gold

15



electrode held at -0.4 V in 0.1 M TBABF4+/CH3;CN was monitored during the course of a sudden
injection of a disulphide solution into the electrochemical cell (final concentration of 100 uM). A
control experiment including the injection of the electrolyte alone was also performed just before
adding the disulphide. The resulting amperometric plots in Figure 4 show that, even for the
injection of the electrolyte alone, transient peak currents were obtained. From repeated trials, it
was found that these transient current responses were poorly reproducible, showing a strong
dependence on the way the solution was injected into the electrochemical cell (sometimes
showing a transient current and sometimes not). On average, more intense signals were measured
following electrolyte injection than upon disulphide injection. The fact that transient current
responses were obtained in the absence of FcCO,DT and also that, in its presence, the current
changes were much lower than the predicted signal (green plot in Figure 4), clearly demonstrates
that these current changes could not be attributed to a faradaic electrochemical reaction but rather
to an uncontrolled disturbance of the double layer capacitive current following the injection of a

solution into the electrochemical cell.

Repetitive on/off switch self-assembly of FcCO,DT on the gold electrode was finally
tested. For such purpose the adsorption/desorption procedures used for the plots in Figure 2E and
2F were iteratively repeated three times in a 1 uM FcCO,;DT solution. The resulting three
adsorption/desorption kinetics plots were very similar, each leading to an on/off deposition of a
saturated redox-active SAM on gold with a good reproducibility. It is interesting to note that
after each SAM desorption at +0.5 V, the signal of ferrocene completely vanished, indicating
that the gold electrode could be completely cleaned from the SAM, in situ, and then reused for a

new deposition. This is a very appealing property that may be useful for electrically addressing

16
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the patterning of SAMs and for electrochemically modifying individually addressable

15,9,55-58

electrodes in an interdigitated array, under “soft” conditions.
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Figure 4. Amperometric responses (duplicated) recorded at a gold electrode held at -0.4 V (vs. SCE) in 6 mL 0.1 M
TBABF,/CH;CN during the successive addition of (A) 1 mL 0.1 M TBABF,/CH5CN, followed by (B) 1 mL FcCO,DT in 0.1 M
TBABF,/CH5CN (final concentration: 100 uM; final volume: 8 mL). The green curve corresponds to the theoretical current
response (the time position is arbitrary) that can be calculated from the red plot in Figure 2E involving 2 e exchanged per
molecules adsorbed (see Figure S4). CV recorded (1 V/s) just after the amperometric experiment shown in blue.

Concerning the exact mechanisms of the chemisorption/desorption reactions and the
influence of the electrical potential on these reactions, only speculative explanations can be
proposed at the moment. A first possibility is that the applied potential contributes to
lowering/increasing the activation energy for the Au binding process. If disulfides chemisorb on
gold through homolytic cleavage of the S-S bond followed by formation of the Au-S bond, one
can imagine that this process would be favored by a slightly cathodic polarization of gold. The
inverse could be true in polarizing the electrode at a slightly anodic potential. A second
possibility is that the electrode potential helps to initiate a radical chain transfer reaction through
a homolytic cleavage of the disulphide bond, followed by an autocatalytic self-propagation of the

generated thiyl radicals on the surface of the electrode coupled to SAM formation. This would be
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a process analogous to the radical-mediated disulphide fragmentation reaction recently proposed
for the catalytic photodegradation of disulphide-based hydrogels (a only catalytic amount of
electrons initiates the process, meaning that virtually no current could flow though the
electrode).” In preliminary experiments, we have tried to probe the formation of sulphur radicals
during SAM growth by adding a radical trap (TEMPO or DMPO) into the solution. The resulting
slower rates of SAM formation as well as lower coverage were in line with a radical-based
mechanism. However further experiments are needed to confirm such a hypothesis. A third
possibility is that the electric field at the interface may, at slightly negative potential, increase the
affinity binding and promote the right orientation of the disulphide dipole for the binding to the
gold surface.”® Again, a reversed process could be expected by switching the applied potential to

slightly positive values.
CONCLUSION

We have demonstrated that the formation of thioctic-based SAMs on a polycrystalline gold
electrode can be unexpectedly facilitated by the application of a moderate cathodic potential (-
0.4 V in CH3CN) and totally impeded under a slightly anodic potential (+0.5 V in CH3;CN),
thereby allowing to literally switching on/off the SAM formation under very “soft” conditions.
The absence of a discernible transient faradaic response during the potential-assisted adsorption
of the cyclic disulphide led us to conclude that THE adsorption reaction mechanism is not related
to an electrochemical reduction with a net flow of electrons trough the metal. This is also
probably the case for the potential-assisted desorption process. These results open the question
about the nature of the mechanism involved in the facilitated formation of thioctic-based SAM
under slightly negative potential. Work is in progress for elucidating this mechanism. To explain

the striking antagonist behavior between the facilitated deposition of n-alkanethiols on a gold
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electrode polarized at +0.5 V and the facilitated desorption of thioctic-based SAM at the same
potential, we propose an energetically favored release of the thioctic-based SAM through
homolytic cleavage of the Au-S bond followed by intramolecular cyclization of the generated

thiyl diradicals.

The electrochemical methodology of in situ and real time monitoring of the
chemisorption of a redox-labeled sulphur-containing molecule finally appears to be a very
powerful approach for characterizing the growth rate of SAMs on gold under controlled
potential. The method has the main advantages of been highly quantitative, sensitive and specific
in respect of the deposited compound, as well as possessing a high temporal resolution. We now
intend to take advantage of this methodology for characterizing in detail the kinetics of SAM
growth from different redox-labeled sulphur-containing compounds on polarized electrodes and
in different solvents. The adsorption progress curves included in the present work already
suggest adsorption kinetics that does not follow a standard Langmuir kinetics model. Finally, the
possibility to easily and selectively address the adsorption/desorption of thioctic-based SAMs on
gold by applying moderate cathodic/anodic potentials adds a new degree of control and

flexibility into their self-assembly, nanostructuration, and/or release.
EXPERIMENTAL SECTION

Materials and instrumentation. Thioctic acid, ferrocene carboxylic acid, DMAP, DCC,
tetrabutylammonium tetrafluoroborate (TBABF,), 6-bromo-1-hexanol, potassium thioacetate,
acetyl chloride and all solvents were purchased from Sigma/Aldrich, Acros and Alfa Aesar and
used as received without FURTHER purification. 'H and ?C NMR spectra were recorded on a

Bruker AC 400 MHz. Mass spectra were recorded with a Trace GC coupled with a DSQ II.
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Cyclic voltammetry and chronoamperometry experiments were done with an Autolab
potentiostat, PGSTAT 302N (Metrohm, Switzerland), controlled from an external PC equipped

with the NOVA v1.8 and v1.9 software (Metrohm).

Synthesis of (1,2-dithiolan-3-yl)pentyl ferrocenecarboxylate. To a solution of ferrocene
carboxylic acid (56 mg, 0.26 mmol) in dry CH,Cl, (40 mL) were added the lipoic alcohol (50
mg, 0.26 mmol) and DMAP (8 mg, 0.07 mmol). The mixture was then stirred at room
temperature for 30 min and then cooled to 0°C. At this temperature, a solution of DCC (54 mg,
0.26 mmol) in CH,Cl, (35 mL) was slowly added. The solution was then stirred at RT for 2 days.
After extraction (CH,Cl,/H,0), the organic phases were dried over MgSO4 and evaporated. The
crude product was purified by column chromatography on silica gel (cyclohexane/ethyl acetate
8/2) to afford the desired compound as orange oil in 30% yield. "H NMR (400 MHz, CDCl;): &
(ppm) = 1.33-1.45 (m, 4H, O(CH;),CH; and O(CH;);CHs), 1.54 (m, 2H, OCH,CH>), 1.81 (m,
2H, SSCHCH:), 1.99 (m, 1H, SSCH,CH>), 2.49 (m, 1H, SSCH,CH>), 3.15 (m, 2H, SSCH>), 3.62
(m, 1H, SSCH), 4.22 (s, 5H, Hg., CH(Cp)), 4.23 (t, *Jqip = 8.10 Hz, 2H, FcCOOCH,), 4.41 (m,
2H, Hp., CH), 4.82 (m, 2H, Hp,, CH). °C NMR (100.6 MHz, CDCL): & (ppm) = 26.9 (s,
OCH,CH), 28.8 and 29.0 (s, O(CH;),CH, and O(CH,);CH,),34.9 (s, SSCHCH,), 39.5 (s,
SSCH,), 40.4 (s, SSCH,CH>), 56.6 (s, SSCH), 64.1 (s, FcCOOCH,), 69.7 (s, Cg., CH(Cp)), 70.2
and 71.2 (s, Cg, CH), 77.3 (s, Cg., Cq), 171.1 (s, FcCO). ESI Mass (EI+): for C;9H24S,0,Fe,

calculated m/z = 404.06; found m/z = 404.0.

Electrochemical experiments. The electrochemical measurements were performed in a standard
one-compartment electrochemical cell maintained at 20°C. A platinum wire was used as
auxiliary electrode and a saturated calomel electrode (SCE) as reference. Polycrystalline gold

disk electrodes (3-mm diameter) were employed as working electrodes. All electrochemical
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experiments were done in 0.1 M TBABF, anhydrous acetonitrile carefully purged from dioxygen
by argon bubbling. The gold electrode surfaces were mechanically polished with graded alumina
from 0.1 to 0.05 um, then successively ultrasonicated in acetone, water and ethanol, each during
3 minutes, and thereafter electrochemically polished in 0.5 M sulphuric acid by applying 3 cyclic
voltammetric scans between -0.1 and 1.5 V at 0.05 V/s. Finally, before use for electrochemical
experiments, the gold electrodes were thoroughly rinsed with water and acetonitrile. The
standard procedure we have used for in situ monitoring the SAM formation consists to immerse
a freshly prepared gold electrode in an acetonitrile solution (0.1 M of TBABF4+CH3CN)
containing 1 uM or 20 uM of FcCO,DT and then, after immediate connection to the potentiostat,
to initiate a programmed sequence in the NOVA software in such a way to iteratively repeat a
start at a desired applied potential for a fixed period of time followed by a rapid CV scan from
the starting applied potential up to the inverted potential of +0.87 V and then back to the initial
applied potential without opening the circuit. In the present work, the sequence was repeated
every 13 s or 8 s during a whole period of time of 39 min or 40 min, respectively, leading thus

the recording of 180 or 300 CV plots per experiment.

ASSOCIATED CONTENT

Supporting Information. Figures S1 to S5 showing CVs of a redox-active SAM on gold at
different scan rates, normalized plots of the surface coverage and capacitance densities,
potential-step experiments at a bare and a saturated FcCO,DT-SAM-coated gold electrode, and
theoretical transient current responses. This material is available free of charge via the Internet at

http://pubs.acs.org.
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Notes

'Disulfides are a class of compounds more stable to oxidation than thiols and also more readily

available from commercial sources.

“This represents a positive shift of 40 mV compared to the homogenous solution, indicating a

stabilization of the reduced form of ferrocene in the SAM.

"It should be a problem to oxidize the ferrocene probe during the electrode polarization because

ferrocenium is known to be poorly stable, notably in the presence of nucleophiles.
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