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1. Introduction

ABSTRACT

This work describes an electrochemical study of 4-nitrobenzene diazonium (4-NBD) reduction onto
glassy carbon (GC) electrode coupled to in situ sum-frequency generation (SFG) spectroscopy. After 4-
NBD grafting at 0.3V vs. saturated calomel electrode (SCE) onto GC, SFG allowed a clear signal
assigned to the symmetrical vibration mode of the nitro (NO,) groups to be observed at 1349 cm ™' or
1353 cm~! depending on whether the spectrum was recorded in air or inside the solution. This result
proved that 4-NBD grafting actually occurs at a potential as high as 0.3 V vs. SCE. The combination of SFG
data and cyclic voltammetry (CV) also indicated that at such a potential, NO, groups did not experience
reduction process into hydroxylamine (NHOH) or amine (NH;) groups. The electrolysis of grafted NO»
moieties at —0.1 V was followed by CV and in situ by SFG. The exponential decay of the NO; signal located
at 1353 cm~! vs. electrolysis time was in accordance with a charge transfer-limited reaction rate for a
species immobilized at the electrode surface, and allowed a first order kinetic rate constant for NO,
reduction to be estimated k=0.006 s~ The integration of the peaks observed on the corresponding
cyclic voltammograms (CVs) which were attributed to the NO/NHOH reversible system showed that the
NO; reduction produced both hydroxylamine and amine groups and was not quantitative. The fact that
SFG spectroscopy was silent for long electrolysis time values suggested the remaining nitro groups to be
located far from the electrode surface, as a consequence of an electron tunneling efficiency which
decreased throughout the film thickness. Further electrolysis at —0.8 V allowed the remaining nitro
groups to be reduced into NH; with almost quantitative yields. All these results suggest the existence of a
stratified layer during the electrolysis process, in which there is no limitation due to H" diffusion in the
organic film.

as metals or semiconductors [3—5]. The wide range of potentialities
that diazoniums offer has been recently reviewed [6—8], with a

Since the first report by Delamar et al. in 1992 [1], diazonium
grafting has proved to be one of the most up-and-coming strategies
for electroactive surface functionalization. This outstanding inter-
est is mainly due to the easy way it affords to covalently immobilize
organic groups onto carbon-based materials [2]. Modification using
diazonium was also extended to non-carbonaceous materials such
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particular focus on the control of the modification [9,10]. Depend-
ing on the group borne by the aromatic moiety, diazonium com-
pounds have been exploited in many research fields such as energy
conversion and storage [11,12], molecular electronics [13,14], and
chemical [15—17] and biochemical [18,19] sensing. They may also
be used for further functionalization by means of chemical re-
actions such as amine/carboxyl condensation [20,21] or the trendy
click chemistry [22—24], or by electropolymerization in the case of
conjugated monomer-functionalized diazonium [8,17,25,26].

The commonly admitted pattern for diazonium grafting is a
two-step mechanism: the diazonium cation is reduced into its



corresponding radical which further evolves to afford a covalent
bond with the electrode surface [3]. Mechanistic studies performed
by Andrieux et al. have proved that electron transfer is actually
concomitant with nitrogen release [27]. More recent studies have
shown that spontaneous grafting may also occur [28—30] and Lehr
et al. have proposed several pathways to account for this mecha-
nism [31].

Because available from common chemicals suppliers and
bearing an electroactive nitro group, 4-nitrobenzene diazonium (4-
NBD) is often used as a model compound to interrogate or modify
surface properties. As a redox probe, it has been used for instance to
evidence the effect of a radical scavenger on the organic layer for-
mation [32], to highlight the difference of reactivity between gra-
phene single and multilayers [33] or to illustrate the combination of
electrografting and scanning probe lithography for nanoscale
patterning of carbon surface [34]. It has also been used to modify
the electrical properties of graphene field-effect transistors [35] or
to prepare optical fiber-based sensors for ammonium [36] or
reverse osmosis membrane [37]. As a model compound, the reac-
tivity of 4-NBD has been extensively studied both in organic and
aqueous media [38—43]. However, we recently showed [44] that
the first step of its reduction mechanism (Scheme 1 reaction 1)
remained still unclear since it gave rise to contradictory reports. We
also proved that the diazonium grafting actually occurs at less
cathodic potentials than usually reported, ca. 0.3V vs. saturated
calomel electrode (SCE) [44]. Thus, this latter process is totally
distinct from nitro groups reduction (Scheme 1 reaction 2), hence
allowing well-defined functionalization of the surface to be ob-
tained. Nitro reduction is known to proceed according to a complex
mechanism which involves an intermediary hydroxylamino
(NHOH) species to finally afford amino (NH;) groups (Scheme 1
reactions 2, 3). However, NHOH may also be reoxidized to give
nitroso (NO) groups via a reversible process (Scheme 1 reaction 4).
Brooksby and Downard have reported incomplete conversion of
NO, into NH; and the formation of NHOH intermediates even after
cathodic polarization of the modified electrode at —0.8 V/SCE dur-
ing 5min [45], which has been later confirmed by Yu et al. [46].
Ortiz et al. have also observed the reversible NO/NHOH system
while performing NO, reduction by cyclic voltammetry from 0.6
to —0.6 V vs. Ag/AgCl [42]. However, in both cases 4-NBD grafting
onto the electrode surface was performed in conditions such as NO,
reduction occurred simultaneously to diazonium grafting, ie the
resulting organic layer after surface functionalization was already a
mixed NO,/NHOH film.

In this paper, we take advantage of our previous results to
further investigate the reduction of NO, moieties immobilized onto
GC electrode. Starting from an organic layer which does not bear
any NO or NHOH groups, we describe the results obtained by per-
forming several potentiostatic electrolyses in order to verify
whereas it is possible or not to selectively tune surface functional
groups and get successively NHOH and NH; layers. The resulting
modified electrodes were characterized using electrochemical
techniques. We also report the first time application of sum fre-
quency generation (SFG) spectroscopy to diazonium compounds
grafted onto GC. This latter is an intrinsic surface vibrational
spectroscopy which exhibits extreme sensitivity towards the elec-
trochemical interface and allows information to be obtained upon
various systems such as supported catalysts [47], nanoparticles [48]
or thin films adsorbed onto electrode surface [49]. Until now, only
the group of Somorjai has studied phenylalanine adsorption and
orientation on a GC electrode as a function of the applied potential
in the CH stretching IR spectral range [50,51]. Here, the signal
corresponding to the symmetric stretch of the NO, groups was
observed and its decay was followed in situ during the electrolysis
process.

2. Experimental
2.1. Reagents and apparatus

All products were used as received. 4-nitrobenzene diazonium
(4-NBD) tetrafluoroborate (CgH4N30,BF4, 97%), ferricyanide(IIl)
potassium (K3Fe(CN)g, 99% powder) and acetonitrile (HPLC grade, >
99.9%) were purchased from Aldrich. Deuterium oxide (99.8%),
potassium dihydrogenophosphate (KH,PO4), dipotassium hydro-
genophosphate (K;HPO4) were supplied by Acros Organics. Tetra-
butylammonium hexafluorophosphate (>98.0%) was from Fluka.
Acid solutions were prepared by dilution of concentrated hydro-
chloric acid (37% HCI) from VWR using Milli-Q water (18 MQ cm).
All solutions were deaerated by bubbling Nitrogen during 10 min. A
gas stream was maintained over the solutions during experiments.

All the electrochemical experiments were performed at room
temperature using a Metrohm p-Autolab II potentiostat interfaced
to a personal computer and controlled with NOVA 1.10 software
package. A classical three-electrode glass cell was used with a
Metrohm platinum rod and a Radiometer saturated calomel elec-
trode (SCE) connected to the cell by a capillary as counter and
reference electrode, respectively. All the potentials are given with
respect to SCE. Working electrode was a 3mm diameter
(A=7.07mm?) glassy carbon (GC) rotating disk electrode from
Radiometer. The geometrical surface area A was used for all the
surface concentration calculations. For SFG in situ experiments,
working electrode was a GC plate (5.5 mm diameter) from Mersen.
For atomic force microscopy (AFM) a pyrolyzed photoresist film
(PPF) plate (6 mm diameter) prepared at the Institut des Sciences
Chimiques de Rennes according to published procedure [52,53] was
used as the working electrode. PPF was used for diazonium layer
thickness measurements, as it is known to react like GC while being
as flat as highly oriented pyrolytic graphite (HOPG) [45].

2.2. Electrode preparation and functionalization

Prior to modification, GC electrodes and GC plates were manu-
ally polished to a mirror-like finish successively with 9 um, 3 um
and 1 pm diamond powder from Presi on a cloth polishing pad.
After each step, the electrode was thoroughly rinsed with Milli-Q
water and sonicated in ethanol for 5 min in order to remove any
impurity. Freshly polished electrode was modified in 0.1 M HCI
solution containing 2.5 mM 4-NBD, by constant potential electrol-
ysis at 0.3V during 300s [44]. These conditions were chosen in
order to produce multilayered, self-inhibiting films. After modifi-
cation, the electrode was carefully rinsed with Milli-Q water before
and after sonication in ethanol during 5min to remove weakly
adsorbed moieties.

2.3. Diazonium film characterization

Diazonium film thickness was measured by atomic force mi-
croscopy (AFM) at the Institut des Technologies Avancées en sci-
ences du Vivant (ITAV USR 3505, Toulouse) using a JPK NanoWizard
Il (Life Science Version) running a MSNL-E probe in contact mode.

2.4. Sum frequency generation spectroscopy

SFG spectroscopy is a surface sensitive spectroscopy based on
the nonlinear second order optical activity of materials (modelled
by x(z), the nonlinear second order susceptibility of the probed
interface), depending on the Infrared and Raman activities of the
molecules constituting the interfaces [54]. It is particularly well-
suited for the study of the electrochemical interface [55]. It fol-
lows the energy (wskg = Wyis + wr) and momentum (hKksgg = hkyis +



hkir) conservation rules. The SFG experimental setup used in the
CLIO Free Electron Laser (FEL) European facility is described in
detail elsewhere [49,54]. Briefly, it is made of two optical para-
metric oscillators (OPO) tunable in the Infrared (IR) [2.5—8 um, 2 1
per pulse, 2cm~! spectral resolution] and Visible (Vis)
[420—710 nm, 8 J per pulse, 6cm~! spectral resolution] spectral
ranges. The OPOs are pumped by a laser beam (1064 um wave-
length) amplified by a double-pass in flash-pumped Nd:YAG am-
plifiers (Quantel, 25 Hz repetition rate), delivering 2 ps long trains
of pulses. The laser source comes from a diode-pumped picosecond
(6.8 ps) Nd:YVOy4 oscillator (High Q Laser, 62.5 MHz repetition rate)
after acousto-optic modulation generating the final temporal
structure. The CLIO FEL [56] ranging from 5 to 150 um delivers 10 us
long macropulses containing 2 ps micropulses (10 1 per pulse,
2 cm~! spectral resolution) and has the same repetition rate as the
OPOs. The monitoring of the higher peak power delivered in the IR
spectral range (7—8 pum in the present case) by the FEL with respect
to the IR OPO allows working with sufficient energy reaching the
surface electrode in a spectro-electrochemical cell designed for in
situ SFG spectroscopy in aqueous electrolytes [49,55]. It is worth
noting that in the present case we worked with deuterated water in
order to be free from water absorption in the investigated IR
spectral range. The SFG measurements are performed with the IR
and Vis (488 nm wavelength) beams mixed at the same point of the
electrode having incidence angles of 65° and 55° (ssp polarized for
the SFG, Vis, IR beams, respectively) with respect to the surface
normal. SFG photons (456—460 nm wavelengths) of the interface
are therefore collected through a monochromator after spatial and
spectral filtering. The SFG spectra are obtained after experimental
normalization with the SFG signal of a ZnS crystal reference ac-
quired simultaneously, taking into account the potential fluctua-
tions and absorption of the IR laser beam during measurements. In
this work, we investigated diazonium films first in air after grafting
and drying, then inside the spectro-electrochemical cell filled with
0.1 M HCl in deuterated water.

3. Results and discussion

3.1. Electrochemical and AFM characterization of the functionalized
electrodes

Two consecutive cyclic voltammograms (CVs) of 4-
nitrobenzenediazonium (4-NBD) in 0.1 M HCl were recorded on a
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Fig. 1. CVs recorded on a bare GC electrode in a 0.1 M HCl solution containing 2.5 mM

4-NBD. First (solid line) and second (dashed line) forward scans. Scan rate: 100 mV s~

freshly polished glassy carbon (GC) electrode (Fig. 1). For the sake of
clarity, only the forward scans are depicted. On the first scan (solid
line), 3 reduction peaks were observed at 0.4V (I), 0.05V (II)
and —0.6V (III), respectively. On the second scan (dashed line),
peaks I and Il disappeared and peak Il strongly decreased, whereas
a new peak located at 0.15V (IV) arose. These voltammograms are
typical of 4-NBD grafting and reduction as recently described by
our group (Scheme I) [44]. In particular, we proved by electro-
chemical and spectroscopic evidences that peak I actually corre-
sponds to diazonium electrografting and that this latter reaction is
totally distinct from the reduction of 4-NBD nitro groups, which is
rather related to peak II. Peaks I and Il were not observed on the
second scan as a consequence of low electron transfer kinetics due
to self-inhibiting film formation and irreversible reduction process,
respectively. Peak IV was attributed to the reversible nitroso/hy-
droxylamine (NO/NHOH) system [42,44,45]. It has to be noticed
that the absence of peak IV on the first forward scan ensures NO,
groups to remain unaffected by 4-NBD electrografting. Several
authors proposed peak Il to correspond to the reduction of NO;
groups into NHy via the NO and NHOH intermediary functions
[42,45]. It has to be noticed that, except reaction (4) which is known
for years, only the first step of the reduction mechanism may be
undoubtedly assigned to a single electrochemical process.

In order to get a GC electrode bearing only NO, moieties (GC-
NO;) [44], the functionalization was achieved by grafting 4-NBD
using constant potential electrolysis at 0.3V for 300s. The
amount of charge consumed during 4-NBD grafting process was
Qg = 11 + 3 uC (average value calculated on the basis of 6 different
grafting experiments). Taking into account that grafting faradic
yield is close to 80% as claimed by Allongue et al. (the rest of the
radicals generated by diazonium reduction reacting in the solution)
[57], the corresponding surface concentration of 4-NBD was esti-
mated '4ngp = (13 + 3) x 10719 mol cm 2. However, as the work by
Allongue et al. was performed in acetonitrile, this value was most
likely overestimated in our case. Another determination was con-
ducted by recording a CV of a grafted GC-NO; film in an acetonitrile
solution  containing 0.1 M tetrabutylammonium  hexa-
fluorophosphate (not shown). The integration of the reversible
signal located at —1.1V, and corresponding to the NO2/NO3™ couple,
led to T4ngp=8.1x10""°molcm ™2 This time, the value was
probably underestimated since the NO, groups may not be all
responsive towards electrochemical measurements [39]. These I'4-
NBD Values may be considered as the upper and lower limits for the
true I'4ynpp in our films, respectively. They both are close to
12.0 x 107 mol cm™2, corresponding to an ideal close-packed
monolayer of aromatic moieties [45]. As the film formed during
the electrolysis is not ideally closed-packed, both I'4.ngp Values are
therefore rather more in accordance with porous multilayers
formed in self-inhibiting film conditions. The experimentally
measured surface density T'sngp= 8.1 x 107°molcm~2 will be
used for further discussion and comparison, keeping in mind that it
constitutes merely a lower limit. The thickness of the resulting
organic film was measured by AFM in contact mode. An average
value of 4nm was found, which is in accordance with literature
data including our own studies for the formation of a multilayer
film [45,58—60].

In order to determine the quality of the films, CVs were recorded
before and after the electrolysis at 0.3V for 300s in a 0.1 M phos-
phate buffer saline (PBS) solution (pH 7) containing 5 mM Fe(CN)3~
as a redox probe (Fig. 2a and b). On bare GC, Fe(CN)¢~ exhibited a
quasireversible system with a AE, =210 mV consistent with liter-
ature data [43]. On GC-NOy, the reversible signal was almost totally
suppressed, in accordance with the barrier effect of the organic
layer [2], suggesting that the film is continuous enough to prevent
access to the electrode surface. Two consecutive constant potential
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Fig. 2. CVs recorded in a 0.1 M PBS solution (pH 7) containing 5mM Fe(CN)Z~ on: (a)
unmodified GC; (b) GC-NO, without further treatment after 4-NBD grafting; (c¢) GC-
NO, which experienced a constant potential electrolysis at —0.1V for 300s; (d) GC-
NO, which successively experienced constant potential electrolyses at —0.1V for 300 s
and at —0.8V for 3005s. Scan rate: 100mVs ™.

electrolyses were then performed on GC-NO; in a diazonium-free
0.1M HCl solution. They were operated for 300sat —0.1V
and —0.8V, ie for potential values corresponding to Peak II and III,
respectively. The behaviors of the resulting films were examined
towards Fe(CN)2~ (Fig. 2c and d). Contrary to what was observed on
GC-NO,, after further electrolysis a slowed redox system was
observed, with peak currents reaching around 60% of those recor-
ded on bare GC. The corresponding AE, were 560 and 340 mV,
respectively. Fe(CN)Z~ redox mechanism being known to proceed
via an inner-sphere mechanism, the observation of the partial
reduction and re-oxidation peaks supported the presence of pin-
holes in the organic film. Although these pinholes were also

present in the GC-NO,, film, the electrostatic repulsion between the
nitro groups and the negatively charged redox probe, which
strongly decreases or even disappears after reduction into NHOH
and NHo, accounts for the almost totally blocking behavior in the
NO; case.

3.2. SFG characterization of GC-NO»

The SFG spectrum of GC-NO; recorded outside solution (Fig. 3,
curve A) exhibited a clear signal located at 1349 cm~' which cor-
responded to the symmetrical vibration mode of the NO, group.
Therefore, SFG spectroscopy afforded a supplementary evidence for
diazonium grafting at a potential as high as 0.3 V. The spectrum
recorded on the same functionalized electrode in contact with a
deuterium oxide solution containing 0.1 M HCl showed the same
signal centered at 1353 cm™! but twice higher (Fig. 3, curve B). This
latter position depends on the nature of the substrate, the molec-
ular structure of the probed molecules and their chemical sur-
roundings in the 1330-1360 cm™~! spectral range [61—68]. Since SFG
is very sensitive to structure and organization of the considered
system [69], the increase of the signal may be due to the higher
order of organization in the film while immersed into solution
compared to the same organic layer outside solution, in which the
aromatic moieties may be collapsed. To the best of our knowledge,
this is the first time that a diazonium compound grafted onto an
electrode surface is observed by this technique.

3.3. Electrochemical study coupled to SFG spectroscopy

To get more information on the various reduction steps of 4-
NBD, several experiments were conducted by combining electro-
chemical techniques and SFG spectroscopy.

A constant potential electrolysis at —0.1V for 800s was per-
formed on the GC-NO, electrode in a deuterium oxide solution
containing 0.1 M HCl, and the SFG signal at 1353 cm™' corre-
sponding to the NO, group was recorded in situ during the whole
experiment (Fig. 4). SFG data clearly showed a decrease of the
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Fig. 3. SFG spectra recorded on a GC electrode functionalized by 4-NBD grafted by
constant potential electrolysis at 0.3 V for 300 s. Spectra recorded outside (A) and into
(B) 0.1 M HCl in D,0. Lines are fit to the data following the mathematical procedure
described in reference °'.

corresponding signal as the result of the reduction of nitro moieties,
in accordance with our previous results [44]. The intensity reached
zero after 500 s electrolysis, suggesting at this time the reduction
reaction was almost quantitative. The resulting decay was satis-
factorily fitted using the following equation (Equation (1)):

I(t)y=TI°e X (1)

where I'(t) (mol cm~2) is the NO, surface concentration at time t, I™°
(mol cm~2) is the NO, surface concentration at initial time and k
(s~1) is the electron transfer rate constant from the cathodic part of
the Butler-Volmer equation, that is (Equation (2)):

— BnF(E —E°')

k=k’e ® (2)

where k° (s~1) is the intrinsic heterogeneous transfer rate constant,
B is the cathodic transfer coefficient, n is the number of electron
exchanged per mol of reduced NO,, F is the Faraday constant
(96500Cmol 1), E (V) is the applied potential, E* (V) is the
apparent standard potentia, R is the gas constant
(8.314] K~ mol~1) and T is the temperature (K).

Equation (1) is the solution of the differential mass balance
Equation (3), which is consistent with a species immobilized at the
electrode surface and a charge transfer-limited, first order reaction
rate v(t), and may be expressed (Equation (3)):

dr'(v)

=k AI(t) (3)
where A (cm?) is the electrode active surface area.

The fact that Equation (1) satisfactorily fits the SFG signal decay
indicates that the reaction rate is limited only by the amount of
adsorbed species (I'(t)).

Considering the potentiostatic conditions used for this experi-
ment, k is constant and the differential equation (3) may be solved
to give a first order kinetic rate constant for NO, reduction with
respect to surface concentration k = 0.006 s,

In the present experiment, the SFG signal is expressed as arbi-
trary units, thus making it impossible to access the I'* value by this
technique. The global amount of charge consumed during the
electrolysis at —0.1 V was found to be 28 + 3 uC. In order to evaluate
the contribution of the aromatic skeleton to this latter value, the
same electrolysis was performed on a GC electrode functionalized
by an unsubstituted phenyldiazonium. The corresponding amount
of charge was 4.8 + 0.7 uC, and may be associated to phenyl groups
cleavage from the surface and loss of material, as reported by Ortiz
et al. [42]. Thus, the charge that actually relied on NO; reduction
was Qg1 =23 +4 uC. From the relationship between Q_g; and the
reaction rate v, and taking into account the expression of I'(t), it is
possible to express (Equation (4)):

t
Q o1(t) =nF / vty = nFAT* (e K 1) 4)
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Fig. 4. Decay of the NO, SFG signal located at 1353 cm ™! recorded in a D,0 solution containing 0.1 M HCl during constant potential electrolysis performed at —0.1 V during 800 s on
a GC-NO;, electrode and corresponding fit. Curve fitting (red) performed using Equation (1). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)



Thus, for long electrolysis times, Q.o1 may be approximated as
Q. =n FAI'°. Taking into account that n may be 4 or 6, depending
on whether the reduction product is NHOH or NH,, respectively,
two different values of I'° were obtained: (8+1)x 107'° and
(6+1)x 1079 molcm™2. Both were higher than the values
commonly reported for monolayer coverage (ca.
2.5 x 1071 mol cm~?) [44,45,57], which suggested that the elec-
trolysis process at —0.1V did not only affect the most easily
reducible NO; groups in our multilayered films. The comparison of
these values with Tangp (lower limit: 8.1 x 1079 mol cm™2)
showed that the electrolysis at —0.1V actually reduced at most
100% or 75% of the total NO, groups for final product being NHOH
and NHpy, respectively. The 100% value may be considered keeping
in mind that I'4.Ngp is underestimated (ratio 62% and 46% were
obtained if using the upper limit: T'4-ngp = 13 x 10719 mol cm™2). In
summary, the reduction at —0.1V affected at least half the nitro
groups, but was not exhaustive. This observation is apparently in
contradiction with the SFG data, which showed complete disap-
pearance of the NO; signal. The comparison of in situ SFG and
electrochemical data suggests that part of the NO, groups are silent
for SFG spectroscopy on one side, and another part silent for the
reduction process on the other side. The two parts, defined by their
positions inside the film, may a priori be distinct, partially overlap
or be equal. As for the SFG spectroscopy, its symmetry properties
require that the investigated chemical moieties possess a
net alignment at the surface to appear on the spectra. Considering
that the NO, groups in the grafted films experience a weaker
interfacial electrical field as they are located farther from the
electrode surface and taking into account the natural disordered
structure of the films, only the nitro moieties close to the carbon
surface contribute to the SFG spectra, the others being too
randomly oriented or simply too far. As for the reduction process,
the silence of some NO, groups depends on the scenario, or
equivalently the limiting steps, involved in the -electrolysis.
Brooksby and Downard suggested the electron transfer throughout
the film to occur via site-to-site hopping [45]. The reduction of NO;
groups being an irreversible process, it was assumed that, for thick
films, electron tunneling was inefficient. Consequently, NO, moi-
eties far from the electrode surface were unaffected by the reduc-
tion process and, thus, silent from the electrochemical point of
view. Moreover, the nature of the reduction product, namely NHOH
or NHj, was proposed to depend on proton availability into the film
[45]. On the contrary, Ceccato et al. considered the electron transfer
process to be independent from the film thickness and to occur via
a NO; self-mediated mechanism throughout the film [39]. They
made evidence for the “inner” NO, groups, i.e. those located very
close to the electrode surface, to be reduced first, but suggested that
only a part of these groups are effectively reduced, this part cor-
responding to moieties easily solvated because of the presence of
defects or pinholes in the film. Here, the complete disappearance of
the SFG NO; signal proves that all the NO, groups located in the
close vicinity of the electrode surface are actually reduced. More-
over, the fact that I'(t) verifies Equation (1), which satisfactorily fits
the decay of the SFG signal without taking into account any mass
transport phenomenon, shows that there is no limitation from a
lack of solvation for the reduction of the inner NO, groups. The k
value found here (ca. 0.006 s~!) is in the same order of magnitude
as those reported by Ceccato et al., but can be definitely ascribed to
a first order kinetics, excluding any “cumulative effect of several
types of inner-layer groups”, as invoked by Ceccato et al. On the
contrary, the fact that the electrolysis yield was not quantitative
demonstrates that all the NO, groups present in the film are not
reduced, but only the closest ones from the electrode surface. This
strengthens the hypothesis of an electron tunneling process, the
efficiency of which decreases throughout the organic film while

increasing the distance to the electrode, in accordance with
Brooksby and Downard [45].

To get further information on NO, reduction in the film, the
same experiment as before was conducted in a classical three-
electrode cell using similar conditions. In this case 40 successive
electrolyses were performed at —0.1 V during 15 s (total electrolysis
time: 600s) and a CV was recorded between 0 and 0.4V at the end
of each electrolysis (Fig. 5). Before electrolysis, no peak was
observed in the potential range from 0 to 0.4V (Fig. 5, dashed line),
as the result of a 4-NBD grafting which does not affect NO; groups.
On the contrary, the first CV recorded after 15s electrolysis
exhibited the reversible signal characteristic of the NO/NHOH redox
couple. Both cathodic and anodic peak currents increased during
the electrolysis up to a maximum after 120—135s. Then longer
electrolysis times did not allow the signals to significantly increase.
The surface coverage corresponding to NHOH groups was obtained
by coulometric integration of the anodic peak (Fig. 5, inset).
Considering a 4-electron process, its maximum value was found to
be I'nHou =12 x 10 ®molcm 2 which is in accordance with
values reported in the literature for a nitro active organic mono-
layer [43,45,70]. The amount of charge consumed during NO,
reduction process and corresponding to this I'nyon value was found
Q' =3 pC. Since the global amount of charge consumed during this
latter electrolysis was Q.91 =23 pG, it clearly appeared that NHOH
was not the main reaction product. From the I'4_ngp value, it may be
deduced that barely 15% of the grafted NO, groups were actually
reduced into NHOH by the electrolysis at —0.1 V. Assuming a nearly
quantitative faradic yield for NO, reduction, the rest of the charge
consumed, ca. 20 puC, concerned the 6-electron process leading to
NH; formation. The amine surface concentration was thus
Iz = 4.9 x 1079 mol cm~2 which corresponded to at most 60% of
the initial NO; groups. Keeping in mind that it was demonstrated
that the first NO, groups to be reduced are the closest ones from the
electrode surface, and that there is no limitation by proton avail-
ability into the film, all these results pointed out to the formation of
a stratified layer. After electrolysis, the NO, groups close to the
electrode surface were reduced into NH,, then the inner NO,
groups farther from the electrode surface were only partially
reduced to give NHOH and finally the outer NO,, i.e. the NO,
moieties located close to the film/solution interface, remained
unaffected by the reduction. Once again, this is consistent with an
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Fig. 5. CVs recorded in 0.1 M HCl on a GC-NO; electrode before (dashed line) and after
(solid lines) successive electrolyses performed at —0.1 V during 15 s (total electrolysis
time: 6005s). Scan rate: 50 mV s~ .. Inset: NHOH surface concentration extracted from
anodic peak current integration as a function of total electrolysis duration.
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enced a constant potential electrolysis at —0.1 V for 600 s) before (dotted line) and after
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during 15 s (total electrolysis time: 600s). Scan rate: 50 mV s~ . Inset: NHOH surface
concentration extracted from anodic peak current integration as a function of elec-
trolysis duration.

electron tunneling, the efficiency of which decreases far from the
electrode surface [45].

A last electrolysis was performed applying a constant
potential —0.8V for 600 s on the same electrode that previously
experienced electrolysis at —0.1 V. As before, the electrolysis was
stopped every 15 s to record a CV in the range 0—0.4 V (Fig. 6). During
the first 15 s, the signal corresponding to the reversible NO/NHOH
redox system increased, thus confirming that all NO, groups were
not reduced by the previous electrolysis at —0.1 V, even after 600 s.
The maximum surface coverage was I'npon = 1.9 x 107 mol cm 2.
This value was very close to that reported by Brooksby and Downard
for NO, reduction operating at —0.65V, ca. 2.5 x 10~ mol cm™2
[45]. This represents a 60% increase compared to the maximum value
obtained during the first electrolysis at —0.1V. However this
maximum surface coverage value of NHOH groups only represents
23% of the initially grafted NO; groups (using T4
nBD = 8.1 x 107 mol cm™2). Then, the redox response decreased
together with NHOH surface concentration as the result of subse-
quent reduction into NH, moieties. This may be explained consid-
ering that at such large overpotential the remaining NO, groups are
directly reduced into NH, whatever their localization in the organic
film. The global amount of charge consumed during this latter elec-
trolysis at —0.8 V once the contribution of the aromatic skeleton
subtracted was 55 puC which would correspond to a surface concen-
tration I" = (13 + 2) x 10~ mol cm 2. This value was higher than I's.
NBD, Which suggests an almost quantitative reduction of the NO;
groups this time. It was verified using redox probes that the resulting
organic film still exhibited a blocking behavior, hence showing that
phenyl groups cleavage from the surface was negligible.

4. Conclusion

In this work we reported new insights upon 4-NBD reduction
once grafted onto a GC electrode. In particular, the signal decay of
the NO, groups was for the first time monitored in situ by means of
SFG spectroscopy performed at the GC electrode with the CLIO FEL,
allowing the first order kinetic rate constant of NO, reduction to be
determined (ca. k=0.006 s~!). We also demonstrated that NO,
reduction is effective at potentials as high as —0.1V and that the

whole reaction rate is limited rather by the charge transfer process
than by proton availability into the organic layer. As a consequence,
the first NO; groups to be reduced are those located close to the
electrode surface and during the electrolysis, the organic film ex-
hibits a stratified structure bearing NHy at the electrode surface,
then NHOH and finally remaining NO-, at the interface between the
film and the solution.

Acknowledgment

Research leading to these results was supported by the Région
Ile-de-France in the framework of the funding program C'Nano IdF
under grant agreement CREMOSOFT. It also has received funding
from the European Union's Seventh Framework Programme (FP7/
2012-2015) under grant agreement n° 312284. The authors also
acknowledge the ERM financial support of the Université Paris-Sud,
and thank the CLIO team for its help during the runs. The authors
are grateful to Dr Yann Leroux and Ms Yara Aceta (Institut des
Sciences Chimiques de Rennes) for providing the PPF plates, and to
Dr Childérick Séverac (Institut des Technologies Avancées en sci-
ences du Vivant (ITAV, Toulouse)) for AFM measurements.

References

[1] M. Delamar, R. Hitmi, ]. Pinson, J.M. Saveant, Covalent modification of carbon
surfaces by grafting of functionalized aryl radicals produced from electro-
chemical reduction of diazonium salts, J. Am. Chem. Soc. 114 (1992)
5883—-5884.

[2] AJ. Downard, Electrochemically assisted covalent modification of carbon

electrodes, Electroanalysis 12 (2000) 1085—1096.

J. Pinson, F. Podvorica, Attachment of organic layers to conductive or semi-

conductive surfaces by reduction of diazonium salts, Chem. Soc. Rev. 34

(2005) 429—439.

[4] A. Adenier, M.-C. Bernard, M.M. Chehimi, E. Cabet-Deliry, B. Desbat,

0. Fagebaume, ]. Pinson, F. Podvorica, Covalent modification of iron surfaces

by electrochemical reduction of aryldiazonium salts, J. Am. Chem. Soc. 123

(2001) 4541—4549.

D.M. Shewchuk, M.T. McDermott, Comparison of diazonium salt derived and

thiol derived nitrobenzene layers on gold, Langmuir 25 (2009) 4556—4563.

R.L. McCreery, Advanced carbon electrode materials for molecular electro-

chemistry, Chem. Rev. 108 (2008) 2646—2687.

D. Bélanger, ]. Pinson, Electrografting: a powerful method for surface modi-

fication, Chem. Soc. Rev. 40 (2011) 3995—4048.

S. Mahouche-Chergui, S. Gam-Derouich, C. Mangeney, M.M. Chehimi, Aryl

diazonium salts: a new class of coupling agents for bonding polymers, bio-

macromolecules and nanoparticles to surfaces, Chem. Soc. Rev. 40 (2011)

4143—4166.

T. Breton, AJ. Downard, Controlling grafting from aryldiazonium salts: a re-

view of methods for the preparation of monolayers, Aust. J. Chem. 70 (2017)

960—-972.

[10] P. Hapiot, C. Lagrost, Y.R. Leroux, Molecular nano-structuration of carbon
surfaces through reductive diazonium salts grafting, Curr. Opin. Electrochem.
7 (2018) 103—108.

[11] Y.L. Zhong, A. Midya, Z. Ng, Z-K. Chen, M. Daenen, M. Nesladek, K.P. Loh,
Diamond-based molecular platform for photoelectrochemistry, J. Am. Chem.
Soc. 130 (2008) 17218—17219.

[12] D.J. Bates, C.M. Elliott, A.L. Prieto, Synthesis and characterization of diazonium
salts with polyethylene glycol appendages and resulting films afforded by
electrodeposition for use as a battery separator material, Chem. Mater. 26
(2014) 5514—5522.

[13] AM. Mahmoud, AJ. Bergren, N. Pekas, R.L. McCreery, Towards integrated
molecular electronic devices: characterization of molecular layer integrity
during fabrication processes, Adv. Funct. Mater. 21 (2011) 2273—2281.

[14] S.Y. Sayed, A. Bayat, M. Kondratenko, Y. Leroux, P. Hapiot, R.L. McCreery,
Bilayer molecular electronics: all-carbon electronic junctions containing mo-
lecular bilayers made with “click” chemistry, J. Am. Chem. Soc. 135 (2013)
12972-12975.

[15] H.M. Nassef, A.-E. Radi, C. O'Sullivan, Simultaneous detection of ascorbate and
uric acid using a selectively catalytic surface, Anal. Chim. Acta 583 (2007)
182—-189.

[16] A. Kasry, A.A. Afzali, S. Oida, S.-J. Han, B. Menges, G.S. Tulevski, Detection of
biomolecules via benign surface modification of graphene, Chem. Mater. 23
(2011) 4879—4881.

[17] W. Richard, D. Evrard, P. Gros, A novel electrochemical sensor based on a
mixed diazonium/PEDOT surface functionalization for the simultaneous assay
of ascorbic and uric acids. Towards an improvement in amperometric
response stability, Electroanalysis 26 (2014) 1390—1399.

3

[5

6

17

[8

[9



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

S.M. Khor, G. Liu, J.R. Peterson, S.G. Iyengar, ].J. Gooding, An electrochemical
immunobiosensor for direct detection of veterinary drug residues in undi-
luted complex matrices, Electroanalysis 23 (2011) 1797—1804.

D.-]. Chung, K.-C. Kim, S.-H. Choi, Electrochemical DNA biosensor based on
avidin-biotin conjugation for influenza virus (type A) detection, Appl. Surf. Sci.
257 (2011) 9390—9396.

S. Boland, F. Barriere, D. Leech, Designing stable redox-active surfaces:
chemical attachment of an osmium complex to glassy carbon electrodes
prefunctionalized by electrochemical reduction of an in situ-generated aryl-
diazonium cation, Langmuir 24 (2008) 6351—6358.

J.-M. Noel, B. Sjoberg, R. Marsac, D. Zigah, J.-F. Bergamini, A. Wang, S. Rigaut,
P. Hapiot, C. Lagrost, Flexible strategy for immobilizing redox-active com-
pounds using in situ generation of diazonium salts: investigations of the
blocking and catalytic properties of the layers, Langmuir 25 (2009)
12742—-12749.

D. Evrard, F. Lambert, C. Policar, V. Balland, B. Limoges, Electrochemical
functionalization of carbon surfaces by aromatic azide or alkyne molecules: a
versatile platform for click chemistry, Chem. Eur. ]. 14 (2008) 9286—9291.
D. Quinton, A. Maringa, S. Griveau, T. Nyokong, F. Bedioui, Surface patterning
using scanning electrochemical microscopy to locally trigger a “click” chem-
istry reaction, Electrochem. Commun. 31 (2013) 112—115.

WS.S. Yeap, M.S. Murib, W. Cuypers, X. Liu, B. van Grinsven, M. Ameloot,
M. Fahlman, P. Wagner, W. Maes, K. Haenen, Boron-doped diamond func-
tionalization by an electrografting/alkyne-azide click chemistry sequence,
ChemElectroChem 1 (2014) 1145—1154.

LM. Santos, ]. Ghilane, C. Fave, P.-C. Lacaze, H. Randriamahazaka,
L.M. Abrantes, ].-C. Lacroix, Electrografting polyaniline on carbon through the
electroreduction of diazonium salts and the electrochemical polymerization
of aniline, J. Phys. Chem. C 112 (2008) 16103—16109.

S. Descroix, G. Hallais, C. Lagrost, J. Pinson, Regular poly(para-phenylene) films
bound to gold surfaces through the electrochemical reduction of diazonium
salts followed by electropolymerization in an ionic liquid, Electrochim. Acta
106 (2013) 172—-180.

C.P. Andrieux, J. Pinson, The standard redox potential of the phenyl radical/
anion couple, J. Am. Chem. Soc. 125 (2003) 14801—14806.

J. Lehr, B.E. Williamson, B.S. Flavel, A.J. Downard, Reaction of gold substrates
with diazonium salts in acidic solution at open-circuit potential, Langmuir 25
(2009) 13503—-13509.

S. Griveau, S. Aroua, D. Bediwy, R. Cornut, C. Lefrou, F. Bedioui, Spontaneous
adsorbed layers of 4-nitrobenzenediazonium salt on gold and glassy carbon:
local characterization by SECM and electron-transfer kinetics evaluation,
J. Electroanal. Chem. 647 (2010) 93—96.

A. Mesnage, X. Lefevre, P. Jegou, G. Deniau, S. Palacin, Spontaneous grafting of
diazonium salts: chemical mechanism on metallic surfaces, Langmuir 28
(2012) 11767—11778.

J. Lehr, B.E. Williamson, AJ. Downard, Spontaneous grafting of nitrophenyl
groups to planar glassy carbon substrates: evidence for two mechanisms,
J. Phys. Chem. C 115 (2011) 6629—6634.

T. Menanteau, E. Levillain, T. Breton, Spontaneous grafting of nitrophenyl
groups on carbon: effect of radical scavenger on organic layer formation,
Langmuir 30 (2014) 7913—7918.

R. Sharma, J.H. Baik, C.J. Perera, M.S. Strano, Anomalously large reactivity of
single graphene layers and edges toward electron transfer chemistries, Nano
Lett. (2010) 398—405.

P.A. Brooksby, A.J. Downard, Nanoscale patterning of flat carbon surfaces by
scanning probe lithography and electrochemistry, Langmuir 21 (2005)
1672—1675.

X.-Y. Fan, R. Nouchi, L.-C. Yin, K. Tanigaki, Effects of electron-transfer chemical
modification on the electrical characteristics of graphene, Nanotechnology 21
(2010), 475208/475201-475208/475205.

L.L. Tan, A. Musa, Y.H. Lee, Reflectance based optical fiber sensor for ammo-
nium ion using solid-state Riegler's reagent, Sens. Actuators, B 173 (2012)
614—619.

S.T. Gashi, N.M. Daci, F.I. Podvorica, T. Selimi, B.S. Thaci, Effect of the modifi-
cation time of coal with aryldiazonium salts on the performance of cellulose-
acetate coal heterogeneous reverse osmosis membranes, Desalination 240
(2009) 1-8.

A. Benedetto, M. Balog, P. Viel, F. Le Derf, M. Salle, S. Palacin, Electro-reduction
of diazonium salts on gold: why do we observe multi-peaks? Electrochim.
Acta 53 (2008) 7117—7122.

M. Ceccato, L.T. Nielsen, J. Iruthayaraj, M. Hinge, S.U. Pedersen, K. Daasbjerg,
Nitrophenyl groups in diazonium-generated multilayered films: which are
electrochemically responsive? Langmuir 26 (2010) 10812—10821.

K.K. Cline, L. Baxter, D. Lockwood, R. Saylor, A. Stalzer, Nonaqueous synthesis
and reduction of diazonium ions (without isolation) to modify glassy carbon
electrodes using mild electrografting conditions, J. Electroanal. Chem. 633
(2009) 283—-290.

R. Moscoso, ]. Carbajo, M. Lopez, L]J. Nunez-Vergara, J.A. Squella, A simple
derivatization of multiwalled carbon nanotubes with nitroaromatics in
aqueous media: modification with nitroso/hydroxylamine groups, Electro-
chem. Commun. 13 (2011) 217-220.

B. Ortiz, C. Saby, G.Y. Champagne, D. Belanger, Electrochemical modification of
a carbon electrode using aromatic diazonium salts. 2. Electrochemistry of 4-
nitrophenyl modified glassy carbon electrodes in aqueous media,
J. Electroanal. Chem. 455 (1998) 75—81.

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

(511

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

(61]

(62]

[63]

[64]

(65]

(66]

(67]

C. Saby, B. Ortiz, G.Y. Champagne, D. Belanger, Electrochemical modification of
glassy carbon electrode using aromatic diazonium salts. 1. Blocking effect of 4-
nitrophenyl and 4-carboxyphenyl groups, Langmuir 13 (1997) 6805—6813.
W. Richard, D. Evrard, P. Gros, New insight into 4-nitrobenzene diazonium
reduction process: evidence for a grafting step distinct from NO; electro-
chemical reactivity, J. Electroanal. Chem. 685 (2012) 109—115.

P.A. Brooksby, AJ. Downard, Electrochemical and Atomic Force Microscopy
study of carbon surface modification via diazonium reduction in aqueous and
acetonitrile solutions, Langmuir 20 (2004) 5038—5045.

S.S.C. Yu, E.S.Q. Tan, RT. Jane, AJ. Downard, An electrochemical and XPS study
of reduction of nitrophenyl films covalently grafted to planar carbon surfaces,
Langmuir 23 (2007) 11074—11082.

B. Bozzini, G.P.D. Gaudenzi, B. Busson, C. Humbert, C. Six, A. Gayral,
A. Tadjeddine, In situ spectroelectrochemical measurements during the
electro-oxidation of ethanol on WC-supported Pt-black, based on sum-
frequency generation spectroscopy, J. Power Sources 195 (2010) 4119—4123.
C. Humbert, Olivier Pluchery, E. Lacaze, A. Tadjeddine, B. Busson, A multiscale
description of molecular adsorption on gold nanoparticles by nonlinear op-
tical spectroscopy, Phys. Chem. Chem. Phys. 14 (2012) 280—289.

C. Humbert, B. Busson, C. Six, A. Gayral, M. Gruselle, F. Villain, A. Tadjeddine,
Sum-frequency generation as a vibrational and electronic probe of the elec-
trochemical interface and thin films, ]. Electroanal. Chem. 621 (2008)
314-321.

J. Kim, K.C. Chou, G.A. Somorjai, Investigations of the potential-dependent
structure of phenylalanine on the GC electrode by IR-visible sum frequency
generation, J. Phys. Chem. B 106 (2002) 9198—9200.

K.C. Chou, J. Kim, S. Baldelli, G.A. Somorjai, Vibrational spectroscopy of carbon
monoxide, acetonitrile, and phenylalanine adsorbed on liquid | electrode in-
terfaces by sum frequency generation, J. Electroanal. Chem. 554—555 (2003)
253—-263.

L. Lee, Y.R. Leroux, P. Hapiot, A.J. Downard, Amine-terminated monolayers on
carbon: preparation, characterization, and coupling reactions, Langmuir 31
(2015) 5071-5077.

S. Ranganathan, R. McCreery, S.M. Majji, M. Madou, Photoresist-derived car-
bon for microelectromechanical systems and electrochemical applications,
J. Electrochem. Soc. 147 (2000) 277—282.

C. Humbert, A. Tadjeddine, B. Busson, Sum-Frequency Generation vibrational
spectroscopy of an extramolecular chemical bond, J. Phys. Chem. Lett. 2 (2011)
2770-2773.

C. Humbert, B. Busson, A. Tadjeddine, Enhanced stability of a carbon mon-
oxide monolayer adsorbed on platinum under electrochemical control probed
by sum-frequency generation spectroscopy, ]J. Phys. Chem. C 120 (2016)
16211-16220.

J.--M. Ortega, F. Glotin, R. Prazeres, Extension in far-infrared of the CLIO free-
electron laser, Infrared Phys. Technol. 49 (2006) 133—138.

P. Allongue, M. Delamar, B. Desbat, O. Fagebaume, R. Hitmi, ]. Pinson, J.-
M. Saveant, Covalent modification of carbon surfaces by aryl radicals gener-
ated from the electrochemical reduction of diazonium salts, J. Am. Chem. Soc.
119 (1997) 201-207.

J.K. Kariuki, M.T. McDermott, Formation of multilayers on glassy carbon
electrodes via the reduction of diazonium salts, Langmuir 17 (2001)
5947—-5951.

F. Anariba, S.H. DuVall, R.L. McCreery, Mono- and multilayer formation by
diazonium reduction on carbon surfaces monitored with atomic force mi-
croscopy “scratching”, Anal. Chem. 75 (2003) 3837—3844.

E. Gervais, Y. Aceta, P. Gros, D. Evrard, Study of an AuNPs functionalized
electrode using different diazonium salts for the ultra-fast detection of Hg(II)
traces in water, Electrochim. Acta 261 (2018) 346—355.

C. Humbert, M. Buck, A. Calderone, J.-P. Vigneron, V. Meunier, B. Champagne,
W.-Q. Zheng, A. Tadjeddine, P.A. Thiry, A. Peremans, In situ monitoring of the
self-assembly of p-nitroanilino terminated thiol on gold: a study by IR-vis
Sum-Frequency Generation spectroscopy, Phys. Status Solidi A 175 (1999)
129-136.

A.A. Mani, Z.D. Schultz, B. Champagne, C. Humbert, L. Dreesen, A.A. Gewirth,
J.0. White, P.A. Thiry, A. Peremans, Y. Caudano, Molecule orientation in self-
assembled monolayers determined by infrared-visible sum-frequency gen-
eration spectroscopy, Appl. Surf. Sci. 237 (2004) 444—449.

E. Surber, A. Lozano, A. Lagutchev, H. Kim, D.D. Dlott, Surface nonlinear
vibrational spectroscopy of energetic materials: HMX, ]. Phys. Chem. C 111
(2007) 2235—2241.

D. Lis, J. Guthmuller, B. Champagne, C. Humbert, B. Busson, A. Tadjeddine,
A. Peremans, F. Cecchet, Selective detection of the antigenic polar heads of
model lipid membranes supported on metals from their vibrational nonlinear
optical response, Chem. Phys. Lett. 489 (2010) 12—15.

T.A. Darwish, Y. Tong, M. James, T.L. Hanley, Q. Peng, S. Ye, Characterizing the
photoinduced switching process of a nitrospiropyran self-assembled mono-
layer using in situ Sum Frequency Generation spectroscopy, Langmuir 28
(2012) 13852—13860.

C.M. Berg, A. Lagutchev, D.D. Dlott, Probing of molecular adsorbates on Au
surfaces with large-amplitude temperature jumps, J. Appl. Phys. 113 (2013),
183509/183501-183509/183511.

D. Lis, J. Guthmuller, B. Champagne, C. Humbert, B. Busson, A. Peremans,
F. Cecchet, Vibrational Sum-Frequency Generation activity of a 2,4-dini-
trophenyl phospholipid hybrid bilayer: retrieving orientational parameters
from a DFT analysis of experimental data, ChemPhysChem 14 (2013)



1227—-1236. vibrational spectroscopy: a review, Vib. Spectrosc. 39 (2005), 200-2013.

[68] C.M. Berg, Y. Sun, D.D. Dlott, Temperature-dependent dynamic response to [70] S. Baranton, D. Belanger, In situ generation of diazonium cations in organic
flash heating of molecular monolayers on metal surfaces: vibrational energy electrolyte for electrochemical modification of electrode surface, Electrochim.
exchange, J. Phys. Chem. B 118 (2014) 7770—-7776. Acta 53 (2008) 6961—-6967.

[69] A. Kudelski, Characterization of thiolate-based mono- and bilayers by



