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The self-assembly of O-(2-Mercaptoethyl)-O’-methyl-hexa(ethylene glycol) (EG7) on gold substrates produces
monolayers whose structure should depend primarily on the solvents used for their formation. Although this
should be also the case for any self-assembled monolayer (SAM) system, the presence of oxygen atoms in
the EG7 chains brings about specific interactions with the solvent molecules other than just the van der
Waals interactions taking place with alkanethiols. In this work we investigate the effects of the nature of the
solutions for EG7-SAM formation in the reductive desorption processes using gold substrates either polycrys-
talline or single crystal electrodes. The patterns obtained in polycrystalline substrates are compared to the
peaks observed at gold single crystal electrodes and it has been found that the main peaks correspond to the
molecules desorbed from the different gold facets contained in the polycrystalline substrate. These single peaks
are in fact composed of at least two contributions that can be explained as the presence of domains where the
EG7 molecules are organized with different orientations, giving place to intermolecular interactions of differ-
ent magnitude. The blocking properties of these films are strongly determined by the nature of the electrolyte
used for the analysis and not by the solvent used in their formation. Although no experimental evidence of the
specific interaction and/or retention inside the film of Na+ or phosphate or both ions is obtained, a specific
effect that accounts for an electron transfer rate constant of an order of magnitude lower than the obtained with
other electrolytes is observed. These results can contribute to increase the understanding of the relationship
between the EG7-SAMs structure and functionalities.
1. Introduction

The construction of multifunctional interfaces with tailored proper-
ties is an important research topic that is nowadays attracting the
attention in the field of biocompatible and functional materials. Self-
assembled monolayers (SAMs) constitute one of the most utilized
strategies to create functional interfaces due to the easy preparation
and the huge number of molecules available to assemble on different
solid surfaces [1,2].

The dynamic equilibrium governing the adsorption of thiols on solid
surfaces is influenced by the solvent-substrate and the solvent-adsorbate
interactions, and the rates of formation depend on the magnitude of
these interactions that can be tuned by the solvent-adsorbate interaction
strength [1]. In this sense, the use of polar solvents that present low sol-
ubility for alkanethiols can contribute to their assembly at the substrate
surface [3,4]. Results obtained by scanning tunneling microscopy have
shown that solvents of high polarity improve the quality of alkanethiol
SAMs due to the strong hydrophobic interactions between the nonpolar
hydrophobic tails,whereas the lowpolarity solvents candisturb the tight
packing of themonolayer [5]. The presence of surfactants of low critical
micellar concentration in water solutions has demonstrated to con-
tribute to the formation of highly compact alkanethiol SAMs by provid-
ing hydrophobic domains that solubilize the alkane tails and facilitate
their delivery to the substrate surface [6–13].
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Oligo-ethylene glycol (OEG)-terminated alkanethiols have been
widely used to form SAMs taking the advantage of the long alkane
arm that directs the organization of the molecules resulting in compact
layers that expose the OEG-terminal to the medium. The OEG portion,
under these conditions, can adopt either a helical or an all-trans con-
formation depending on factors such as the type of substrate
[14,15], the surface coverage [16,17], the number of EG units
[15,17] and the solvent [18]. These SAMs have demonstrated to min-
imize the unspecific adsorption of proteins and inhibit cell attachment
[14,15,19,20] depending on the amount of water associated with the
OEG chains that ultimately depends on its conformation [21,22].

Most of the surfaces modified with ethylene glycol used in the
actual applications employ mercapto-poly-ethylene glycol (EGn) mole-
cules that lack the alkane arm, and the organization of these layers
results obviously different and dependent on other parameters such
as temperature or the presence of different salts in the formation solu-
tion [23–26]. One of the shortest EGn chains available is O-(2-Mercap-
toethyl)-O’-methyl-hexa(ethylene glycol) (EG7) and can be used as a
model for the characterization of the EGn-SAMs. We have recently
reported that the EG7-SAM formed from an EG7 ethanolic solution
acquires the best structural performance at a modification time of
1 h. Under these conditions, the cyclic voltammograms for the reduc-
tive desorption process obtained from a polyoriented (PO) gold elec-
trode shows a set of discrete peaks that cannot be only explained on
the basis of the desorption from different defined gold facets present
in the surface, but the existence of different degrees of intermolecular
interactions need to be introduced in the scene [27]. Dealing with the
use of EGn layers on electrochemical biosensors to avoid the nonspeci-
fic adsorption phenomenon and the drawback of inhibition of the
heterogeneous electron transfer kinetics, Doneux et al. [28,29] studied
the electrochemical performance of the EG7-SAM using different outer
sphere redox probes such as [Fe(CN)6]3−/4−, [Ru(NH3)6]3+/2+, Fc
(MeOH)2+/0, and [IrCl6]2−/3−, to investigate the monolayer barrier
properties. They found that the EG7-SAM behaves as a low impedance
film [30] with all the assayed redox probes except for the [Fe(CN)6]3
−/4− system. They interpreted the high electron transfer inhibition in
terms of the hydration properties of both the monolayer and the elec-
troactive anions. In an earlier study by Vanderah et al. [31] on the
influence of the solvent used for the SAM formation on the structure
of the EG7-SAM, as characterized by ellipsometry, infrared reflec-
tion–absorption spectroscopy (IRRAS) and electrochemical impedance
spectroscopy (EIS), they choose within a nonhydroxylic solvent as
THF, a hydroxylic EtOH and also select an ethanol/water mixture,
EtOH95, to discern the effect of the presence of water in the formation
solution. The best performance was found for the layer produced from
the EtOH95 solution. Moreover, whereas the EG7-SAMs formed from
EtOH and EtOH95 showed the same thickness, that from THF solvent
present a variable value, indicating a more irregular structure. Simi-
larly, the layer formed from EtOH95 behaves as an almost perfect
capacitor but for those from EtOH and THF, the heterogeneity obliges
to introduce the constant phase element to account for the deviation of
that ideal behavior. Finally, infrared spectroscopy revealed a highly
organized structure for both layers formed in ethanol and a less
ordered film when formed in THF.

Pioneering works on alkanethiol SAMs reductive desorption pro-
cesses have already established the type of information that can be
obtained in relation to SAMs stability and organization [32–38], and
now it is widely accepted that the process can be considered as a sol-
vent substitution reaction,
RSðSAM;AuðhklÞÞ þ xH2OðaqÞ þ ne�ðAuðhklÞÞ ⇌RS�ðaqÞ þ xH2Oðsurf ; AuðhklÞÞ ð1Þ

that involves the different energetic contributions such as sub-
strate-adsorbate, intermolecular lateral, substrate-SAM-solvent, free
surfactant-solvent and substrate-solvent interactions [38–41].
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In this context and taking the EG7-SAM as a model for the PEGy-
lated surfaces, we have explored its electrochemical behavior by going
deeper into the reductive desorption processes by using different gold
substrates. To this end, the EG7-SAMs are formed in different media,
from these already described by Vanderah et al. [31] to the sodium
phosphate aqueous solution. Moreover, these EG7-SAMs are also char-
acterized by electrochemical impedance spectroscopy in different neu-
tral media to find out the influence of the electrolyte in the
electrochemical response of the [Fe(CN)6]3−/4 redox probe. Whereas
the solvent used for the formation of the SAM influences the structure
as observed in the reductive desorption signatures, the blocking ability
against the redox probe is not affected. In contrast, the electrolyte solu-
tion used for this analysis tunes the electrochemical response influenc-
ing the apparent electron transfer rate constant values.
2. Experimental section

2.1. Chemicals

O-(2-Mercaptoethyl)-O0-methyl-hexa(ethylene glycol) (EG7),
Potassium hexaferricyanide and potassium hexaferrocyanide ([Fe
(CN)6]3−/4−), were purchased from Aldrich-Sigma (purity ≥ 99%).
The rest of the reagents were from Merck analytical grade. All the
aqueous solutions were prepared with deionized ultrapure water pro-
duced by Millipore system.
2.2. Experimental methods

Electrochemical experiments were performed on an Autolab (Eco-
chemie model Pgstat30) instrument attached to a PC with proper soft-
ware (GPES and FRA) for the total control of the experiments and data
acquisition. A conventional three electrode cell comprising a platinum
coil as counter electrode, a 50 mM KCl calomel (CE 50 mM) as refer-
ence electrode and either a poly-oriented (PO gold) or single crystals
gold (Au(111), Au(100) and Au(110)), as the working electrodes,
were used. The PO gold electrode was a homemade sphere obtained
by melting a gold wire up to reach a diameter of approximately
2 mm and attached to the gold wire that serves as electrode connec-
tion. The single crystals were 3 mm diameter and 2 mm thick cylinders
from Metal Crystals & Oxides LTD, with a polished side. A gold wire,
mounted at the rear end, allowed easier handling of the crystal. Before
each electrochemical measurement, the electrodes were annealed in a
natural gas flame to a light-red melt for about 20 s and, after a short
period of cooling in air, quenched in ultrapure water. The electrodes
were then transferred into the electrochemical cell with a droplet of
water adhering to it to prevent contamination and were contacted with
the solution by the meniscus method, under potential controlled con-
ditions. Each surface of the single crystals used in this study showed
the well-known characteristic voltammograms in 0.01 M HClO4 solu-
tions. The real area of the gold electrodes were determined from the
charge involved in the gold oxide reduction peaks obtained under
these conditions (A(PO gold) = 0.24 cm2; A(Au(111) = 0.09 cm2; A(Au

(100) = 0.09 cm2; A(Au(1 10) = 0.10 cm2).
For electrode modification, the gold electrodes were immersed in

the EG7 solutions (either of pure ethanol (EtOH) or 95 % ethanol
(EtOH95) or tetrahydrofuran (THF) or sodium phosphate (NaPi) 1 M)
for a modification time of 1 h (Scheme 1). After extensive washing
with water or blank electrolyte, they were transferred to the electro-
chemical cell, to carried out the cyclic voltammetry or electrochemical
impedance spectroscopy experiment.

The cyclic voltammograms for the reductive desorption processes
were recorded in KOH 0.1 M solutions and these for the evaluation
of the electron transfer in aqueous solutions were of sodium phosphate
(NaPi) 0. 1 M at pH 7.4, KNO3 0.1 M and KCl 0.1 M in the presence of
1 mM [Fe(CN)6]3−/4−. The electrochemical impedance spectroscopy



Scheme 1. Formation of EG7-SAM on an Au electrode.
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measurements were obtained at the midpoint potential of the cyclic
voltammogram registered for the naked electrode (at 0.08 V), using
an amplitude rms of 10 mV and a frequency interval from 0.1 to
10000 Hz.

Contact Angle measurements were conducted by using an Optical
Tensiometer Theta T200 device (Attension, Biolin Scientific) equipped
with a high-speed camera (420 fps). The CA of the formed SAMs was
measured in sessile drop method. The experiments were performed at
room temperature and at open atmosphere. The results are given as an
average of six measurements.
Fig. 1. Cyclic voltammograms for the reductive desorption process of the
EG7-SAM on PO gold electrodes in KOH 0.1 M solution. The grey line
represents the blank profiles obtained in the same solution. v = 20 mV/s. The
SAMs have been formed in different solvents as labeled, at a modification time
of 1 h.
3. Results and discussion

3.1. Reductive desorption of EG7-SAMs formed in different media

We have previously reported results on the characterization of a
compact EG7-SAM formed from EtOH solution by using electrochem-
ical and spectroscopic techniques [27]. In particular, the results of
the reductive desorption process monitored by cyclic voltammetry
show a set of peaks with a shape that depends on the modification
time. In a first approximation, the peaks are ascribed to the desorption
of portions of monolayer from the different facets existing in the PO
gold whose peak potentials follow the trend of the potential of zero
charge (pzc) of these naked facets. However, there are some details
in the cyclic voltammograms that cannot be explained only on this
basis. To get more insight into this system, we first studied the reduc-
tive desorption process of the EG7-SAM formed in different solvents on
a PO gold electrode. Considering previous results on the organization
of this SAM formed from EtOH, EtOH95 and THF, characterized by
electrochemical impedance and infrared spectroscopies [31], and that
formed from a 1 M NaPi solution analyzed by cyclic voltammetry
[28,29], the reductive desorption processes of the SAMs formed under
the same experimental conditions are here examined.

Fig. 1 shows the cyclic voltammograms for these reductive desorp-
tion processes that show that, although all of them share the multi-
peak shape, they differ in the shape and in the potentials of the indi-
vidual peaks. Moreover, there is no clear trend on the peak potential
variations. While the SAM formed from EtOH, EtOH95 and THF present
a similar pattern with four peaks, that formed from 1 M NaPi aqueous
solution shows only three peaks that are displaced 50 mV in the posi-
tive direction. However, the charge densities involved in the overall
reductive desorption peaks are almost equal and independent on the
nature of the solvent used for its formation.
3

Pioneering works using single crystal gold electrodes to ascribe the
multipeak voltammetry obtained at polycrystalline gold electrodes
tried to explain the differences in peak potential as different energetics
of the Au-S bond on the various single crystal gold facets. Thus, the dif-
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ferences in potential were correlated to the potential of zero charge of
the naked surfaces [33,37]. In this context, many systems have been
analyzed and the peaks have been assigned to monolayer domains des-
orbed from Au(111), Au(100) and Au(110) facets [36,38,42–44].
Moreover, the type of sulfur adsorption sites depending on the order-
ing of the surface gold atoms in the facet, either reconstructed or unre-
constructed, was also entered in the discussion, indicating that the
cohesive interactions between neighboring adsorbates would vary
with these different binding sites thus influencing the packing density
[45]. Recently, the classical way of considering the peak potential of
the reductive desorption as a measure of the Au-S bond energy was
reinforced by considering the different contributions included in the
energy change between the initial and final states of the reductive des-
orption reaction represented by reaction (1). This equation is a substi-
tution reaction between the adsorbate and the solvent [38,39]. Thus,
the adsorbate–surface interaction involves the Au-S bond that should
be directly correlated with the crystallographic orientation. However,
the different interactions of the adsorbates whether in the adsorbed
state or free in solution would affect the energetics of desorption. Stud-
ies by Cometto et al. [41,46] on the electrochemical stability of alka-
nethiol SAMs of different chain length on planar and curved surfaces
compare the position of the reductive desorption peaks obtained on
Au(111) and Au(100) single crystal electrodes. They found that the
differences in the reductive desorption potentials in these substrates
increase with the alkanethiol chain length, suggesting a preferential
adsorption of the SAMs on the Au(100). Analyzing the different con-
tributions of the interactions taking place in the reductive desorption
process, they found that the shift in the potential for a given SAM
formed on different surfaces depends on the substrate-adsorbate inter-
actions that are determined by the energy of the Au-S bond, the adsor-
bate–adsorbate interaction determined by the lateral interactions
mainly consisting of vdW forces, the different thiol-solvent interac-
tions in the adsorbed state that depends on the pzc of the SAM, the sol-
vation energy of the free alkanethiols and the solvent-substrate
interactions that again depend on the pzc of the naked gold surfaces.

To get more insight into the nature of the peaks obtained for the
desorption of monolayer domains from different gold facets and corre-
Fig. 2. Cyclic voltammograms for the reductive desorption processes of the EG7-SA
KOH 0.1 M solution. v = 20 mV/s. The SAMs have been formed in different solv
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late them for the SAMs formed under different solvent conditions, we
have carried out a study of the formation of EG7-SAM in the different
media described above, and its reductive desorption processes using
Au(111), Au(100) and Au(110) single crystal electrodes.

Starting with the EG7-SAM formed in EtOH, we obtain a single
peak at −0.99 V (peak 1) on the Au(111) surface that is very close
to the first peak in the PO gold as already reported [27]. The process
on Au(100) and Au(110) show broad peaks at −1.21 and −1.20 V
(peak 3 and 4), respectively (Fig. 2). Besides these, a small peak at
−0.985 V is seen in the Au(100) surface at potentials close to peak
1 on the Au(111) facet. A small peak at −1.07 V (peak 2) is also
obtained at the Au(110) that is also coincident with the second peak
on the PO gold surface. It is interesting to note that the peaks 3 and 4
are shifted to higher potentials (∼40 mV) in respect to these corre-
sponding in the PO gold electrode. These features are also observed
in the cyclic voltammograms recorded for the EG7-SAM formed in
THF (Fig. 2).

The trend obtained for the EG7-SAM formed in NaPi presents
important differences. First, only three peaks appear in the cyclic
voltammogram for the PO gold. The first one is sharp and is comprised
in the potential interval where the main peak in Au(111) and the
smaller peaks in Au(100) and Au(110) appear (peaks 1 and 2). It must
be noted that, in contrast to what happens in the PO gold, the main
peak in Au(111) is broad and seems to be formed by two overlapped
peaks. Second, the lower potential peaks in PO gold are almost coinci-
dent with the mean peaks at (100) and (110) surfaces. Finally, the
EG7-SAM formed in EtOH95 presents an Au(111) peak that occurs at
85 mV higher potential that the first peak in the PO gold surface.
The rest of the peaks in the single crystals lay very close to those of
the PO gold electrode.

Fig. 3 shows the above commented peak potentials for the PO and
the single crystal electrodes and, as it can be observed, the potentials
for each peak are within the intervals of 55 to 80 mV, indicating that
they can represent similar energetic situations.

As observed in Fig. 2, most of the main peaks obtained in the reduc-
tive desorption process at single crystal electrodes seems to contain
more than one contribution. To get more information about the origin
Ms on PO gold and Au(111), Au(100) and Au(110) single crystal electrodes in
ents as labeled, at a modification time of 1 h.



Fig. 3. Potential values for the different peaks observed in the reductive
desorption process of EG7-SAM on a PO (solid circles) and single crystal
(empty circles) gold electrodes. While the PO gold electrode peaks (1, 2, 3 and
4) correspond to these observed in the cyclic voltammograms, these for the
single crystals are: 1, main peak in Au(111); 2, small first peak in Au(110); 3,
main peak in Au(100); 4, main peak in Au(110).
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of the peaks, and after eliminating the background currents, we have
carried out a deconvolution of these peaks, by using Lorentzian curves
(Figure S1). We have used three contributions to fit the cyclic voltam-
mograms that are named as peak 1, 2 and 3 in Fig. 4, where the peak
potential, the half width, and the percentage of area for each compo-
nent are represented. The cyclic voltammogram recorded for the
EG7-SAM formed in NaPi in a Au(111) single crystal, can be fitted
with two peaks at −0.99 and −1.02 V with a half width of around
30 mV and a charge density that supposes 53 and 34 % of the total
charge, and a third peak at −1.19 V of very low charge (∼12%) that
should correspond to molecules desorbed from step or defect sites
on the (111) facet. This double contribution observed in the single
crystal and absent in the peak obtained at the same potentials in the
PO surface, must be assigned to monolayer domains with different
intermolecular interactions that can be produced when larger terraces
Fig. 4. Parameters obtained in the deconvolution of the cyclic voltammograms red
single crystal electrodes. The potentials of the three contributions (peaks 1, 2 and 3
gathers the half width and the percentage area of every deconvoluted peak for the
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exist on the Au(111) single crystal surface as it should be the case, in
comparison to the PO gold surface. In the case of EtOH as solvent, two
contributions are also present with similar half width but being the
second contribution of lower significance. The cyclic voltammograms
of the SAMs built in EtOH95 or THF also show this second type of con-
tribution, but both are of very low charge density in comparison to the
first one.

The curves obtained with Au(100) show a first peak between
−1.025 V and −0.97 V that are very close to the second contribution
of the (111) facet and involve a charge density lower that 20 % of the
total amount measured. The main peak, although very sharp requires
the introduction of two signals that are also of a very low width (half
width of less than 20 mV), and these are of the same magnitude in the
case of the SAMs prepared in EtOH and THF and of a ratio 60:30 in the
SAMs prepared in NaPi or EtOH95. It can be thought that the first peak
observed in the (100) facet should have an origin on either, a small
portion of reconstructed hexagonal surface or some stepped sites that
would show a similar energetic than the (111) domain that we obtain
as a second contribution in that facet. The presence of two domains
with different molecular interactions on the (100) facet could explain
the presence of the double contribution in the main peak. The fact that
the SAMs formed in NaPi and EtOH95 present a major contribution in
the higher potential peak that is assigned as less energetic, can be
ascribed to the effect of water molecules on the organization of the
layer. In the case of EtOH and THF, the absence of water in the forma-
tion solution avoids this and the adsorbed molecules should share
conformation.

In the deconvolution of the reductive desorption with Au(110),
besides the first small peak at −1.045 V that coincides with the more
negative potential region where the (111) peaks are obtained, a broad
signal at more negative potential is observed for all the SAMs indepen-
dent on the solvent used in the formation solution. The peak is also
deconvoluted introducing two contributions of similar widths and area
ratio.

The presence of multi-wave voltammetry in the reductive desorp-
tion peaks of long alkanethiol SAMs has been observed in Au(111) sin-
uctive desorption main peaks recorded in the Au(111), Au(100) and Au(110)
in decreasing potential order) are plotted in the top graphics. The lower panel
three single crystal surfaces.
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gle crystal electrodes [27,34,36,38,42], and the features have been
assigned to the sequential desorption from sites with different binding
energies [34,36], or monolayer domains with different sizes and stabil-
ity [35], or depletion micelles that can be formed on the double layer
region [33,36,47,48], and finally, they have been ascribed to the rela-
tive importance of the different intermolecular interactions that are
present through the monolayer [49]. Thus, the deconvolution of the
main peaks including two contributions should be explained as the
presence of domains where the EG7 molecules are organized with dif-
ferent orientations that give place to intermolecular interactions of dif-
ferent magnitude. If we consider that the length of the EG7-SH chain
can be longer than the hexadecanethiol, that gives place to multi-wave
voltammetry at Au(111) single crystal gold electrodes [35], it is
expected that, under some circumstances, the same behavior can be
found in the EG7-SAM on the three single crystal faces studied in this
work.

One interesting aspect of the EG7-SAMs formed on different single
crystal facets is that the charge densities involved in the reductive des-
orption process are similar independent on the formation media but
somewhat different for each facet, being of around 20% higher for
Au(111) and Au(100), and 5% lower than that for the PO gold elec-
trode (Table S1). By taking into account the surface atomic densities
(1.39 × 1015, 1.20 × 1015, and 0.85 × 1015, for the Au(111),
(100) and (110) planes, respectively) [50], and the surfaces cover-
ages determined from the charge densities, the coverages obtained
are of 0.30, 0.33 and 0.39 for Au(111), Au(100) and Au(110),
respectively.
Table 1
Water contact angles measured for the EG7-
SAMs assembled in different modification
solvents.

Modification solvent Contact angle/Θ(H2O)

NaPi 1 M 53.3 ± 1.2
THF 48.2 ± 2.4
EtOH95 61.0 ± 2.1
EtOH 71.3 ± 3.1

Fig. 5. (A) Cyclic voltammograms recorded at a scan rate of 0.1 V/s, and (B) impe
solutions (as indicated in the figure label) in the presence of EG7-SAMs formed in 1
naked gold electrode.
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3.2. Contact angles measurements of the EG7-SAMs

The water contact angles of these EG7-SAMs have been measured
and the results are gathered in Table 1. The highest values obtained
for the SAMs formed in ethanolic solutions point to a higher exposure
of the methyl groups to the interface. A lower value is measured for the
EG7-SAM formed in NaPi that probably reflect the higher content of
water on the topmost layer even though the experiment is made with
a dried surface. The lowest value obtained for the SAM formed in THF
can be related to the less organized structure that is presumed in this
media in agreement with previous work [31], and that can allow the
exposure of some EG units to the external surface creating a more
hydrophilic environment.

3.3. Evaluation of the blocking behavior of the EG7-SAMs formed in
different media

Another interesting point to check is the electrochemical response
of these SAMs against the redox pair [Fe(CN)6]3−/4−. We choose this
redox probe because recent works have shown that, while other sys-
tems as [Ru(NH3)6]3+/2+, Fc(MeOH)2]+/0 and [IrCl6]2−/3−, maintain
their reversible behavior and are not inhibited by the presence of the
monolayer, the [Fe(CN)6]3−/4 electron transfer is completely sup-
pressed at the EG7-SAM prepared in NaPi 1 M solution [27–29].

The experimental strategy used here is the preparation of the EG7-
SAMs in the different media used in the above section (NaPi 1 M,
EtOH, EtOH95 and THF) and their evaluation by cyclic voltammetry
and electrochemical impedance spectroscopy by using the [Fe
(CN)6]3−/4 redox probe in three different solutions (c.a., NaPi 0.1 M
at pH 7, KNO3 0.1 M and KCl 0.1 M). As previously reported
[28,29], the inhibition of the electron transfer signal is complete when
the cyclic voltammogram of the EG7-SAM formed in 1 M NaPi is
recorded in a NaPi 0.1 M solution (Fig. 5). A strong inhibition,
although lower than the above, is also observed when the [Fe
(CN)6]3−/4 redox pair is explored in either KNO3 or KCl 0.1 M solu-
tions. The Nyquist plots obtained under the same experimental condi-
tions are also included in Fig. 5 and the results for the rest of
experimental conditions are included in Figure S2, where the data
are also represented as Bode plots to highlight the observed changes.
The impedance data show the typical semicircles representing the
charge transfer resistance with total absence of the Warburg element,
dance spectra of 1 mM K3Fe(CN)6 and 1 mM K4[Fe(CN)6 in 0.1 M electrolyte
M NaPi at pH 7.4. The black line corresponds to the curve recorded with the



Table 3
Electron transfer rate constants (kap) of the [Fe(CN)6]3−/4 redox probe,
determined by using Eqn. (2), and the Rct data obtained in the fitting of
impedance spectra of EG7-SAM PO gold electrodes prepared in four different
media and evaluated in 1 mM [Fe(CN)6]3−/4 in three electrolyte solutions
(Table S1).

kap (x 106)/cm� s−1 Evaluation media

Formation media NaPi KNO3 KCl
NaPi 1 M 0.5 9.3 13.4
THF 0.4 3.4 4.9
EtOH95 0.9 2.4 2.6
EtOH 0.5 4.5 4.7
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indicating no diffusion contribution. The spectra have been fitted by
using a Randles equivalent circuit (either with or without Warburg
component) and the results are included in Table S1. The capacitor
has been substituted by a constant phase element to improve the fit-
ting and account for deviations from ideal capacitive behavior (CPE
= (Q(iω)n)−1, where Q and n are the magnitude and exponent param-
eter of the CPE). We have used Eqn. (1) to calculate the effective
capacitance,

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q

R�1
s þ R�1

CT

� �1�n
n

s
ð1Þ

where Rs and RCT are the solution and the charge transfer resistance
obtained from fitting the impedance spectra. The capacitance values
are gathered in Table 2. Table 3 gathers the electron transfer rate con-
stant values obtained by using Eqn. (2).

kap ¼ RT
n2�F2�Rct � A � c ð2Þ

where R is the gas constant, T the temperature, F the Faraday constant,
n the number of electrons, A the geometric area of the electrode and c
the concentration of the redox pair and RCT the charge transfer resis-
tance obtained in the fits (Table S1).

It can be seen that the as-prepared EG7-SAM blocks the [Fe(CN)6]3
−/4 electron transfer similarly, and thus, the electron transfer rate con-
stants are practically independent of the nature of the solvent
employed in the formation solution. However, a strong dependence
on the electrolyte used for the electrochemical evaluation is observed.
Whereas the stronger inhibition is always obtained when the experi-
ment is run in NaPi 0.1 M solutions, an increase in the electron transfer
rate constant of an order of magnitude is observed when the redox
probe is assayed in either KNO3 or KCl solutions.

The peculiar blocking behavior of [Fe(CN)6]3−/4 redox probe that
has been interpreted in terms of the hydration properties of both the
monolayer and the electroactive anions [28], together with the classi-
cal view of the existence of repulsive interactions that affect the con-
centration profiles of the redox probe in the surrounding of the
electron transfer active sites [51–54], can help in the understanding
of this phenomenon.

In contrast to what has been observed for the reductive desorption
processes, the inhibition of the electron transfer of the redox probe is
not much influenced by the nature of the solvent employed in the for-
mation of the EG7-SAM. Only little differences are obtained that, most
of them, are within the experimental variability of these systems. We
expected some influence of the presence of water in the formation
solution but, probably, the small amount of these molecules that
remains within the EG7 assembled chains is not reflected in the exter-
nal face of the layer. Deeply investigations on this topic have evi-
denced that during EGn-SAM growth in aqueous solutions, and
under conditions of high surface coverage, the increased binding of
thiol molecules constitute a driving force for structural changes within
the monolayer that press out the water molecules that are previously
interacting with the EG groups. This effect is considered to occur at
Table 2
Double layer capacitance of the EG7-SAM, determined by using Eqn. (1), and the
data obtained in the fitting of impedance spectra of EG7-SAM PO gold electrodes
prepared in four different media and evaluated in 1 mM [Fe(CN)6]3−/4 in three
electrolyte solutions.

Cdl/µF� cm−2 Evaluation media

Formation media NaPi KNO3 KCl
NaPi 1 M 3.9 4.2 4.3
THF 5.0 4.9 4.9
EtOH95 4.1 5.0 5.0
EtOH 5.2 4.2 5.2
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higher temperature but, under room temperature conditions as these
used in our work, this driving force should not operate and the water
molecules interacting with the EG moieties maintain these rather
strong interactions [55]. In this respect, even assuming that compact
monolayers are formed in the four solutions employed, the EG7-SAMs
formed in EtOH95 and NaPi solutions should contain certain water
molecules within the chains. Moreover, although it has been found
that once the monolayers are dried and newly immersed in water solu-
tions, they are impermeable to water molecules [17], when they are
examined by infrared spectroscopy under a water layer, some changes
in the peak frequencies along with peak broadening are observed that
are interpreted as penetration of some water molecules into the exter-
nal monolayer region that result in the formation of hydrogen bonds
with the oxygen atoms of the EG moieties [16,17,20,55,56]. The
strong interaction between the EG units with water may then stablish
a transition of structured aqueous layer at the film/liquid interface
[21] independently of the fact that the SAMs were formed in aqueous
solutions or not.

At this point, it is interesting to note the important effect of the
electrolyte used for the electrochemical evaluation of the SAMs by
the [Fe(CN)6]3−/4 redox probe. As the electrochemical measurement
is made after equilibrating the modified electrode with the solution,
there is plenty of time for the water molecules and the electrolyte ions
to interact with the external region of the EG7-SAM. The slightly neg-
ative charge measured for EGn films [57,58] can allow the interaction
with cations, in this case the Na+ or K+ ions, that exist in a high con-
centration in the electrolyte. To explore the existence of a long-range
structured water layer adjacent to the EGn interface, Dicke et al.
[59] made force-distance measurements under different electrolyte
solutions. They employed both chaotropic and kosmotropic ions fol-
lowing the Hofmeister series to investigate their influence on water
structure and the possible interaction with the EG units of the SAM,
but they could not find a conclusive effect as all the ions studied
showed a similar trend independent of their position in the series.
The necessity of certain amount of space for a complexation between
the EG units and the cations that should not be available in the densely
packed SAM was used as the reason for the lack of effects.

However, the role of different ions in the formation of two-phase
systems with EGn polymers is well documented and a different ability
is found for Na+ and K+ and even for phosphate salts. These effects
are explained on the basis of their position on the Hofmeister series
and their free energy of hydration. Thus, the presence of these salts
can decrease the amount of water available in the vicinity of the mono-
layer changing the structure of the interface [60]. If the structural
changes in the external region of the EG7-SAM are dependent on the
ability of the ions to make the layer more impermeable to the redox
probe, the observed differences in the electron transfer rate constants
of the [Fe(CN)6]3−/4 redox probe could be explained. To ascertain if
this effect is produced by the Na+ or the phosphate ions, apart from
the studies in KNO3 and KCl, we have also studied the influence of
other salts like NaCl or KPi. Under these conditions, the same behavior
is observed allowing us to conclude that is only the combination effect
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of Na+ and phosphate ions that provoke the stronger inhibition of the
[Fe(CN)6]3−/4 electron transfer.

To find out if after exposure of the EG7-SAMs to the electrolyte
solutions, some ions can remain adhered to the external region of
the monolayer, X-ray photoelectronic spectra have been recorded for
EG7-SAMs that have been contacted overnight with each of the elec-
trolyte solutions used in this work. In any of the cases, we could detect
the presence of them as it has been the case reported in earlier studies
dealing with the same propose [59]. Moreover, no changes in the com-
position and/or binding energies of the S 2p, C 1 s and O 1 s signals
corresponding to the SAMs were detected that could allow some con-
clusions about the presence of those ions in the monolayer that could
explain the observed behavior. Figure S3 shows the spectra obtained in
high resolution for the S 2p, C 1 s and O 1 s, for the EG7-SAMs formed
in EtOH95 and NaPi 1 M, after being in contact overnight with the elec-
trolyte solution. The S 2p spectra are dominated by the peak at 162 eV
corresponding to the thiolate species bound to gold, as it was observed
for the EG7-SAM formed in EtOH [27]. However, an increase in the
ratio of free thiol or di-sulfur groups in the deconvoluted spectra is
found in respect to the SAM formed in the absence of water (25–30
% in the present case, whereas less than 20 % of the area correspond-
ing to the high energy peaks, in the case of EtOH). The spectra
obtained for the C 1 s and O 1 s are deconvoluted with three compo-
nents being the strongest peaks assigned to the carbon and oxygen
atoms in the EG segments. The rest of components are ascribed to
adventitious carbons or oxygen functions coming from impurities that
are very difficult to eliminate. The presence of some water molecules
that remains within the SAM (∼532.5 eV [61]) cannot be discarded.
4. Conclusions

Compact EG7-SAMs can be formed from EtOH, EtOH95, THF and
NaPi 1 M aqueous solutions of EG7 on gold substrates as evidenced
by the analysis of the reductive desorption processes. When using a
PO gold electrode, subtle differences are observed in the shape and
potentials of the various peaks that are ascribed to the different inter-
actions of the solvent with the EG7 chains and the probable retention
of some water molecules within the self-assembled chains. The forma-
tion of EG7-SAMs on low index gold single crystals allows us to assign
the peaks to different facets of gold and speculate on the existence of
possible interactions that give place to different organization depend-
ing on the size of the domains within the monolayer.

The differences observed in the reductive desorption processes of
the EG7-SAMs formed in various solvents are not translated into the
blocking behavior of these films as analyzed by cyclic voltammetry
and electrochemical impedance spectroscopy of the [Fe(CN)6]3−/4

redox pair in different electrolytes. A stronger inhibition of the elec-
tron transfer of the probe is obtained in NaPi 0.1 M aqueous solution
in comparison with the other electrolytes such as KNO3, KCl, NaCl and
KPi. There must be specific interactions between the Na+ or phosphate
or both ions that can change either the structure of the topmost region
of the monolayer establishing specific interactions with the ether oxy-
gens, or the structure of the water film directly interacting with the
monolayer. However, no experimental evidence has been found for
any of these possibilities, concluding that a repulsion effect for an
increase of the negative charge in the monolayer that occurs in the
presence of NaPi must be responsible for this stronger inhibition of
the electron transfer. In this respect, a recent study investigating the
breakdown of protein resistance in OEG-terminated alkanethiol SAMs
[62], has proposed that trivalent ions replace the structured water
molecules coupled in an interfacial water layer to the SAM, as a possi-
ble mechanism in overcoming the protein resistance.
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