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Abstract

Ferrocenemethanol was chosen to study quantitatively the kinetics of the heterogeneous electron transfer at mono- and bilayer-
modified gold electrodes. The monolayer was prepared by tetradecanethiol adsorption on the gold surface and the bilayer was
formed by phospholipid adsorption on the first layer. The apparent electron transfer rate constants at the modified gold electrodes
were measured by cyclic voltammetry (Tafel analysis) and from scanning electrochemical microscopy approach curves, as well as by
simulations of the cyclic voltammograms. The values obtained by simulation based on a CEC mechanism were close to the values
obtained by both other techniques. The results show that the surface coverage was high and depended on the thickness of the layer
(0.993 for the monolayer and 0.9998 for the bilayer). The major consequence of this high coverage is a large decrease in the apparent
rate constant for ferrocenemethanol oxidation that depended on the thickness of the modifying layer. The results also indicate that
ferrocenemethanol could permeate to a small extent into the monolayer. The electron transfer at the bilayer is mainly governed by
diffusion of the mediator through pinholes with electron transfer occurring at the free sites on the electrode rather than permeation.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

A better understanding of ion and electron transport
through membranes is crucial in elucidating the mechan-
isms involved in many biological systems, e.g. cellular
energy production by respiration and photosynthesis or
signal transmission in nerve systems. For a quantitative
analysis, as these systems are often complex, simpler,
better defined and more easily interpretable models are
needed. Biomimetic membrane systems include vesicles
[1], bilayer lipid membranes [2] and solid-supported lipid
layers [3]. The latter can be prepared by Langmuir
Blodgett techniques [4], by fusion of vesicles [5], by lipids
adsorbed on fresh cut metal surfaces [6], or by self-
assembly [7-21]. The easy preparation and the high
stability of the bilayer make the self-assembly method
very attractive for the preparation of modified surfaces.

* Corresponding author. Universite Paris Sud, I.LP.N., Gr. De
Radiochimie, Orsay Cedex 91406, France.
E-mail address: cannes@ipno.in2p3.fr (C. Cannes).

Another advantage of this method is that the bilayer is
formed on a conductive support that allows surface and
electrochemical analysis. When such an immobilized
monolayer or bilayer is formed and electrochemical
studies of species dissolved in the solution are under-
taken, it is necessary to distinguish between alternative
modes of electron transfer. These include electron
tunneling through the layer, reaction on the conductive
substrate at defects in the layer, and permeation of the
species into the layer.

Scanning electrochemical microscopy (SECM) is a
powerful technique for studies of topography and
electrochemical processes in localized spaces. It has
already been used in the case of a solid | liquid interface
modified by a film [22-25] or by a monolayer [26—-28],
of a liquid | liquid interface modified by a monolayer
[29] or bilayer [30—32] and of an air | water interface
modified by a monolayer [33].

Although electrodes modified by a mono- or bilayer
have already been analyzed, only few studies led to a
quantitative analysis. Therefore, we have used cyclic
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voltammetry (CV) and SECM to study quantitatively
the kinetics of the ferrocenemethanol electron transfer at
a gold electrode modified by a layer. The monolayer
preparation consists in the tetradecanethiol (C;4,SH)
adsorption on the surface. This layer is very stable as
it is covalently bound [34,35], and it provides a hydro-
phobic surface that allows the adsorption of phospho-
lipids (POPC) to form a bilayer. Then, the first layer is
constituted of a long alkane chain and the second layer
of a long chain containing several functional groups.

2. Experimental

2.1. Chemical reagents

Tetradecanethiol (Lancaster), ferrocenemethanol (Al-
drich), sodium ferrocyanide (Aldrich), sodium chloride
(EM) and I-palmitoyl-2-oleoylphosphatidylcholine in
chloroform (POPC, Avanti) were commercial grades
and were used without further purification. Ethanol was
absolute analytical grade. All solutions were prepared
with deionized water (Milli-Q, Millipore Corp.).

2.2. Preparation of the mono and bilayer

The monolayer was prepared according to the method
described by Forouzan et al. [26]. The gold disk
electrode was a gold wire (S=0.038 cm?) inserted in
Teflon. This disk electrode was first polished carefully
with 0.3 and 0.05 um alumina, and sonicated in water
for 15 min and then in ethanol for 2 or 3 min. After
cleaning the electrode with hot sulfuric acid and rinsing
it with water, several scans were made over the range —
0.3-1.5 V (Ag | AgCl) in freshly prepared deoxygenated
0.5 M H,SO,. The electrode was rinsed with water, then
ethanol, dried in air, and finally immersed in absolute
ethanol solution of 5 mM tetradecanethiol overnight.
Before electrochemical measurements, the electrode was
rinsed with ethanol and dried in a stream of pure
nitrogen or argon.

The bilayer was prepared according to the method
described by Plant [8]. It consisted in the addition of a
vesicle solution (with a final lipid concentration of 0.2
mM) to the cell containing the alkanethiol-coated
electrode for 6 h. To prepare the vesicle solution, 160
ul of POPC (10 mg ml ' in chloroform) was dried in a
stream of pure nitrogen and then placed in a vacuum
desiccator overnight to remove residual chloroform. The
lipids were resolubilized in 1 ml of 20 mM tris buffer and
150 mM NacCl, mixed for 5 min with a vortex mixer and
sonicated for 40 min. Before measurement, the cell was
rinsed several times with water and with the ferrocene-
methanol solution to remove excess vesicles. This step
had to be carried out carefully, since the bilayer can be

disturbed if the electrode surface comes in contact with
air.

2.3. Measurements

Electrochemistry experiments were carried out with a
CHI-900 electrochemical workstation (CH Instruments,
Austin, TX), employing a three-electrode cell with a
gold working electrode, a platinum wire counter elec-
trode and a Ag wire reference electrode (Ea, = —0.073
V vs. Ag | AgCl). All potentials are reported with respect
to this reference. The approach curves were made with a
platinum SECM tip (25 um diameter). Digital simula-
tions of the voltammograms were performed with the
software package DigiSim (Bioanalytical Systems, ver-
sion 2.1).

3. Results and discussion
3.1. Voltammetry at bare Au and C;4,SH/Au electrodes

The C4SH/Au electrode was first studied electroche-
mically with the hydrophilic species Fe(CN)¢ ~. Indeed,
this species is frequently used to probe an electrode
modified by an organic thin layer and undergoes a
reversible, one-electron, outer-sphere redox reaction
(F°=0.153 V; 0 =0.4; k°=0.03 cm s~ ') [36]. Fig. 1
shows the cyclic voltammograms obtained for an
aqueous solution containing NasFe(CN)g (1 mM) and
NaCl (0.1 M) as supporting electrolyte, at bare and
C14SH/Au electrodes. In the presence of the monolayer,
the current decreased strongly and became mainly
capacitive. Thioalkanes with long alkane chains are
known to adsorb on gold and form a well organized,
densely packed monolayer that acts as an effective
electron and ion barrier [33]. Thus, in the presence of
the monolayer, Fe(CN)¢ ~ cannot contact the electrode
surface and its apparent heterogeneous electron transfer
rate, governed either by tunneling through the layer or
reaction at pinholes, decreases strongly.

For quantitative analysis, we chose another com-
pound, ferrocenemethanol with a larger standard rate
constant (E°=0.154 V; =0.5; kX°=0.2 cm s ') [37].
Thus, even if the apparent heterogeneous electron
transfer rate constants should decrease at the mono-
and bilayer-modified electrode, we believed that these
values should still be in a range where we could observe
a significant current in the cyclic voltammogram and
where these constants could be measured by SECM. The
electrochemical behavior of ferrocenemethanol in aqu-
eous solution was studied at the same electrodes (Fig. 2a
and b). With a C{4SH monolayer adsorbed on gold (Fig.
2b), the oxidation peak of ferrocenemethanol shifted
from 0.18 to 0.25 V and the reduction peak from 0.12 to
0.05 V. We also observed a small decrease in the anodic
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Fig. 1. Cyclic voltammograms of an aqueous solution containing NasFe(CN)q (1 x 10~3 M) and NaCl (0.1 M) at v=0.05 V s~ ! on (a) gold
electrode (S =0.038 cm?) and (b) a tetradecanethiol monolayer adsorbed on gold electrode.

peak current and a large decrease in the reverse cathodic the monolayer followed by diffusion in the layer and
peak current. electron transfer at the electrode (membrane model) and
The electron transfer at such electrodes can occur in (3) by diffusion of the electroactive compound to
three ways [34]: (1) by tunneling of electrons through the pinhole or defect sites and ET at the electrode surface
monolayer; (2) by permeation of the redox species into (pinhole model). The mode of reaction at a filmed
3
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Fig. 2. Cyclic voltammograms of an aqueous solution containing ferrocenemethanol (5 x 10 ~* M) and NaCl (0.1 M) at v = 0.05 V s~ ! on (a) bare
gold electrode (S = 0.038 cm?), (b) on an adsorbed tetradecanethiol monolayer and (c) on a phospholipid/tetradecanethiol bilayer adsorbed on gold
electrode. The solid line corresponds to the experimental curve and the dashed line (O) to the curve obtained by simulation.
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electrode can be probed by determining how the limiting
current, e.g., in a voltammetric experiment, changes
with time or sweep rate [38]. An alternative approach,
especially useful for high coverage, is to determine how
the effective heterogeneous rate constant of a reaction is
affected by coverage. This is the approach taken here.
For both redox couples, we estimated the apparent
standard rate constant at the C;4SH/Au electrode by a
simple Tafel plot analysis on the rising portion of the
CV (Fig. 3). The apparent electron transfer rate constant
was obtained from the values of the current at each
potential, I(E) as:

I(E
oy (E) = n; A)c (1)

with A4, the electrode area and ¢, the substrate concen-
tration. From extrapolation of the Tafel linear variation
of log k,pp(E) with the electrode potential, E, to the
standard oxidation potential (E = E°), one obtains an
apparent standard electron transfer rate constant,
kgmene =2 %1073 cm s~ ! for Fe(CN)¢~. This value
is about 1500 times smaller than the standard rate
constant at a bare Au electrode, k° =0.03 cm s~ ..

We can estimate the apparent standard rate constant
for electron transfer that occurs only by tunneling by
comparing these results to those of Miller and co-
workers [39-43], who investigated tunneling electron
transfer at ®-hydroxythiol coated Au electrodes. This
work predicts that the electron transfer rate constant
would decrease exponentially with chain length of the
alkyl thiol with a tunneling factor f of 0.9 per methylene
unit, so that with C4,SH, one would predict that the
apparent electron transfer rate constant is knnel =
K exp(—0.9npe) = 1077 cm s~ '. Since the standard
rate constant we find at the C;4SH/Au electrode,
k&mone i much larger than the standard rate constant
estimated by considering only tunneling, KO e, We
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Fig. 3. Tafel plots for (4) ferrocenemethanol at the C;4SH/Au
electrode, () ferrocenemethanol at the POPC/C4,SH/Au electrode
and (4) Fe(CN)s~ at C;4SH/Au. Solid lines according to (2) for
ferrocenemethanol and (1) for Fe(CN)g .

conclude that the monolayer had pinholes and that the
electron transfer for ferrocyanide corresponds to oxida-
tion at the pinholes or defect sites. Thus, the presence of
these pinholes considerably enhances the current seen at
the C;4SH/Au electrode compared to the current due
only to tunneling.

A Tafel analysis was also done with ferrocenemetha-
nol to estimate the apparent standard rate constant. For
this species, since a diffusive peak is observed, the /—F
curve was convoluted before analysis. We assumed that
the process was a quasireversible electron transfer. In
this case, the variation of the apparent electron transfer
rate constant with I(E), the current and I(E), the
convoluted current, is given by [44—-46]:

I(E)

“o "Iy — IEX1 + exp(—nF/RT(E — E))

2

where [, is the diffusion limiting current of the
sigmoidal convoluted current.

The variation of log k(E) with E— E° is shown in Fig.
3. The extrapolation of this Tafel plot to E = E° leads to
a value of the apparent standard electron transfer rate
constant, k&w°" of 6 x 10~ % cm s~ '. The value of the
standard electron transfer rate constant at the bare gold
electrode could be estimated by CV. The method
consists of comparing the variation of the anodic peak
half-width with the scan rate (ranging from 0.05t0 0.5V
s~ 1) to the theoretical one for a quasi-reversible electron
transfer [47]. For the scan rates investigated, the peak
half-widths are on the borderline between Nernstian and
quasi-reversible behavior. An approximate value of
k°=0.14 cm s~ ! was estimated, of the same order of
magnitude as that obtained on a glassy carbon electrode
(k°=0.2 cm s~ ') [37] and its comparison with the k°
value for the ferrocyanide oxidation is similar to that
observed for these couples at a platinum electrode [48].

The rate constant measured for the ferrocenemetha-
nol oxidation at the monolayer is then approximately
4x107% times the value of the standard electron
transfer rate constant estimated at our bare Au elec-
trode. The ratio A%2°"°/k° obtained for ferrocenemetha-
nol is 6 times higher than the ratio for ferrocyanide.
However, as the k° value for the ferrocenemethanol
oxidation is on the borderline of accessible rate con-
stants by the CV technique, within the usual variation in
measured £° values, the ratios of the two species are not
significantly different and, could suggest, in first
approximation, that the electron transfer for both redox
couples at the C14SH/Au electrode is governed kineti-
cally by diffusion to defect sites [49]. Nevertheless,
ferrocenemethanol is more hydrophobic than ferrocya-
nide and it is an uncharged compound. It is then more
prone to permeate [50] into the layer than ferrocyanide.

However, at a longer adsorbed monolayer (C;3SH
monolayer instead of C4SH), no permeation of the
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ferrocenemethanol has been observed [16], so we believe
that, if possible at the C;4SH adsorbed monolayer, the
permeation is not the only contribution to the oxidation
kinetics.

3.2. Voltammetry at POPCI/C;,SH/Au electrode

The ferrocenemethanol cyclic voltammogram ob-
tained at POPC/C4SH/Au electrode is presented in
Fig. 2c. The oxidation peak shifts from 0.18 to 0.44 V,
the anodic peak current is even smaller than with the
monolayer and the reduction peak disappears almost
totally on the reverse scan. This can be explained by a
further decrease of the apparent standard rate constant.
Indeed, it is well known that, as the thickness of the
layer after lipid adsorption increases, the electron
transfer at a bilayer-modified electrode is blocked to
an even greater extent compared to that at a monolayer-
modified electrode [8—10]. To confirm these observa-
tions, we calculated the apparent standard rate constant
of ferrocenemethanol at the POPC/C4,SH/Au electrode
with the same treatment as used for the C;4SH/Au
electrode. The apparent standard rate constant at the
bilayer-modified electrode obtained from the Tafel plot
analysis (Fig. 3), k&% =7 x107° cm s~ !, is ten times
smaller than the value obtained for the monolayer-
modified electrode. According to these results, the
ferrocenemethanol electron transfer is blocked more
by the bilayer than by the monolayer and this com-
pound should not penetrate through the bilayer.

3.3. SECM approach curves to C1,SHIAu and POPC/
C14SH/Au substrates

We have also used SECM to characterize the charge
transfer processes occurring at the mono- and bilayer-
modified gold electrode during the reduction of ferrice-
niummethanol. A platinum ultra-microelectrode (UME)
tip (radius, ¢ =12.5 um) was used to approach the
substrate. The tip potential was 0.35 V to generate the
ferriceniummethanol and the substrate potential was
held at —0.4 V to reduce it back to ferrocenemethanol
(Fig. 4). The analytical treatment obtained to describe
finite heterogeneous kinetics at the substrate could be
used to describe the electrochemical process whenever it
is limited by slow substrate electron transfer or by mass
transport through the pinholes [26]. The expression of
the tip current is then given as a function of the
normalized tip-substrate separation (L =d/a) as:

jo_ [ 078377 0.68 + 03315 exp(—1.0672/L)
TOLA + 1/4) 1 + F(L, A)
(1 =I5+ I (3)

where 5 and P represent the tip currents for con-
ductive and insulating substrates, respectively. Their

platinum UMEtip

FcMeOH FcMeOH”

e T

tetradecanethiol layer

Fig. 4. Schematic representation of the SECM experiment at the
filmed electrode.

expressions as functions of the normalized distance L =
dla are:

5 =0.78377/L + 0.3315 exp(—1.0672/L) + 0.68  (4)

I =1/(0.15+1.5358 /L +0.58 exp(—1.14/L)
+0.0908 exp[(L — 6.3)/(1.017L)] (5)

A =kdlD with k the apparent limiting heterogeneous
rate constant and D the diffusion coefficient (D =7 x
107% em® s Y); and F(L.A)=(11+7.34)/4/(110—
40L).

Fig. 5 shows the curves obtained with conductive (a)
(Au); (b) Ci4SH/Au; (¢) POPC/C4,SH/Au and (d)
insulating substrates. Curves b and c fit the theoretical
expression Eq. (3) well, when the apparent heteroge-
neous rate constants have the following values: for the
monolayer k2T =0.02 cm s~ ' and for the bilayer
ka2l =0.0007 cm s~'. In both cases, the values
obtained by SECM are greater than the values obtained
by CV. At such a high reductive substrate overpotential,
the electron transfer rate constant at the bare Au
electrode should be potential independent and about
10* times higher than the standard rate constant, k° [51].
Therefore, the apparent rate constant at the covered Au
electrodes would be expected to be much higher than the
values obtained with the SECM. Thus, under these
SECM conditions, the redox process at the modified
electrodes is limited by mass transport through pinholes
rather than by the electron transfer rate at the substrate
and the rate constant extracted from the SECM study is
given by [26]:

41 — 0)D

R, ©)

kSECM =

where 6 is the Au electrode fractional surface coverage
and Ry, the equivalent radius of the pinholes (considered
cylindrical).
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I1/ITnf

dla

Fig. 5. Current-distance curves for a 12.5-um-radius Pt tip UME approaching; (a) a conductive substrate; (b) a gold substrate covered by a
tetradecanethiol monolayer; (c) a gold substrate covered by a phospholipid/tetradecanethiol bilayer and (d) an insulating substrate. The tip was
biased at 0.35 V vs. Ag and the substrate at —0.4 V vs. Ag in an aqueous solution containing 5 x 10 ~* M ferrocenemethanol and 0.1 M NaCl. The
tip scan rate was 1 pm s~ !, The solid lines correspond to the experimental curves and the dashed lines (O) to the SECM theory (Eq. (3)).

As the apparent heterogeneous rate constant obtained
at the C4SH/Au electrode, k3mouC, is larger than the
value obtained at the POPC/C;4sSH/Au electrode,
k3giy, the redox process is easier at the C;4,SH/Au
electrode than at the POPC/C,4,SH/Au electrode. This
confirms the results obtained by CV.

3.4. Cyclic voltammogram simulation

As an oxidation peak can still be observed for the
ferrocenemethanol at a gold electrode modified by the
mono- or bilayer, this species is a good candidate to
simulate the cyclic voltammogram and give access to a
quantitative analysis. The electron transfer kinetics for
ferrocenemethanol at the mono- and bilayer-modified
gold electrode were measured by two techniques, CV
Tafel analysis and SECM approach curves, but not
under exactly the same electrochemical conditions, and
thus do not characterize the same electron transfer or
mass transport rates. Thus, it was interesting to see to
what extent these different characterizations could
reproduce theoretically the CV obtained at the different
electrodes. We then simulated the cyclic voltammograms
using the data from both methods. Amatore et al. [49]
proposed a theoretical analysis to treat cyclic voltam-
mograms at a partially covered electrode with micro-
scopic defects. Even if this analysis fits the experimental
curves only semi-quantitatively [26], we have used it as
the only one available to our knowledge, to simulate our
experiments. According to the authors, the electron
transfer process at such an electrode can be simulated by
a CEC mechanism (Scheme 1).

In this scheme the electron transfer corresponds to the
ET at the metallic surface of the uncovered electrode
sites (defects) and the preceding and succeeding reaction

ki
—>
I A C

ko

K =ki/k)

- — 0 0
A+le > B E &,0,k)

B Z J C (1/K=k2/k1)

Scheme 1.

corresponds physically to diffusion of the reactants into
the pinholes defined as the defects. The preceding and
the following chemical reactions have the same thermo-
dynamic and kinetic parameters, and the electron
transfer rate is the same as that at the bare electrode.
This mechanism is governed by two dimensionless
parameters:

K\/E=1.67,/DRT(1 —9 (7)
Fv R,

and

Al —0) =, /%ko(l —0) (8)

with 1= (k,+k))RT/Fv; K=(1—-0)/0.

A zone diagram was established as a function of these
two parameters. According to this diagram, because the
ferrocenemethanol cyclic voltammograms at C;;,SH/Au
electrode and POPC/C4SH/Au celectrodes present a
diffusive peak, the parameter K.// is greater than 1.
Thus, the electrode coverage results in an apparent
decrease of the electron transfer kinetic and the appar-
ent standard rate constant (measured by CV at E = E°)
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can be expressed as:
kl, = k(1 —0)=k°K = k°k,/k, (when 0 — 1) 9)

As we have measured the apparent standard rate
constants (k&¥°"° and k%Y from the Tafel analysis, we
have extracted the effective chemical equilibrium con-
stant, K (see Table 1).

Under the SECM experimental conditions, the over-
potential is high enough to be limited by mass transfer
inside the pinholes and not by electron transfer. Thus
Eq. (7) can be rewritten as a function of the apparent
rate constant (kSgcwm) obtained in this case:

DRT k!
KV7=167, /Fi”:% (10)
U

ke cm

Therefore, the kinetic constants k; and k, were
calculated from Eq. (9) and Eq. (11) and the values
obtained were used to start the cyclic voltammogram
simulation (see Table 1).

Taking into account the approximations made in the
treatment (i.e. the simple description of the geometry of
the pinholes), we can conclude that for the monolayer-
modified electrode, the values obtained by simulation
were in good agreement with those calculated, except for
the kinetic rate constants of the following reaction.
These constants had to be decreased in order to fit well
the loss of reversibility at the reverse scan (Fig. 2b). This
could reflect possible permeation of the ferrocenemetha-
nol and a lesser permeation and then stability, because
of its ionic character, in the monolayer of the ferrice-
niummethanol formed at the electrode. Cleaner evidence
of such a phenomenon has been discussed in the case of
menadione permeation at a monolayer covered elec-
trode [50]. In this work, a mathematical model was
proposed to estimate the permeability by cyclic voltam-
metric simulation. The ferrocenemethanol permeability
in the C;4SH monolayer obtained by this previous
model was 1.3 x 1072 cm s~ '. This value is smaller
than the menadione permeability in a C;gSH monolayer
at pH < 7 but higher than the value obtained at pH > 7

Table 1

which rather characterizes transport through pinholes.
We have concluded that the menadione permeability is
low at basic pH. By analogy, we could assume that the
ferrocenemethanol could permeate the monolayer to a
small extent.

For the bilayer-modified electrode, we could fit the
curve with values close to those calculated with respect
to the chemical equilibrium constant, K. For the kinetic
constants, k; and k,, we had to change the calculated
values to fit the curve well (Fig. 2¢). The same argument
concerning the approximations made in the theoretical
treatment could be invoked, but we could also assume
that the difference in these kinetic constants could reflect
specific interactions between the second layer and the
electroactive species, since the phospholipid contains
functional groups. Nevertheless, in this case the differ-
ences between the values obtained by simulation and
calculation are smaller in the case of the bilayer than in
the case of the monolayer for the following reaction.
Then, we could assume that ferrocenemethanol perme-
ated the bilayer to a much lesser extent because of
interactions with the functional groups contained into
the phospholipids. This can be proved by the smaller
value of kcv perm =1.9 x 10~* cm s~ ! obtained from
the CV if the permeation model is assumed.

Furthermore, the cyclic voltammogram shows a
shoulder that could not be fit with the simple CEC
mechanism. We attribute this shoulder to the oxidation
of ferrocenemethanol at sites where the phospholipids
are not adsorbed on the tetradecanethiol layer. As the
current corresponding to this contribution is small ( <
10% of the total current), we have assumed that the
surface area of these sites, not covered by lipid, is small
compared to the total covered area. To account for this
effect, we have added a second CEC mechanism
involving a species with the same electron transfer
parameters (E°, o, k%) but with a smaller concentration
(see Scheme 2). The first three reactions (artificial
species I, A, B and J) correspond to the ET through
an ideal bilayer possessing pinholes, as discussed for
Scheme 1. The three others (artificial species C, D, F and
G) account for the portion of ferrocenemethanol that
does not sense the bilayer, and it will characterize the ET

Values of equilibrium and kinetic constants calculated from Eq. (9) and Eq. (11) and obtained by simulation using a CEC mechanism, for the Au

electrode modified by a mono- or bilayer

For the monolayer

For the bilayer

Calculated values

Values obtained by simulation

Calculated values Values obtained by simulation

10° K 3 7
1073 kyls™! 0.3 3
1077 kofs ™! 1 43
K’ 333 160
10 ki/s™! 10 0.006

1072 ksfs™! 300 0.38

0.35 0.18

0.0035 0.06

0.1 3.3
2860 9000

1 0.4

3.5 0.45
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ki
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< K=ki/k,=18x10*;k;=6x10°s' ;k, =3.3x 10"s"!

ko
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Fllr

D+le
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E°=-0.15V;0=05;k"=0.14cms’

K=k'k;'=9x10°;k/'=4x10°s" ; k,'=45s"

Ky=ksks=1x102;ks=6x10*s"; ky=6x 10°s™

E’=-015V;a=05;k"=0.1cms’

K Ko'=ks'ks'=50;ks'=5x10° s ; ks' = 10*s!

and [[]=5.7x 10*Mand [C]=3x 10° M

Scheme 2.

at sites covered by the monolayer but not by the
phospholipids.

To fit the curve well, we had to consider both
preceding and following chemical reactions. Therefore,
this oxidation occurs at a monolayer-modified surface
and not at a bare electrode. The ratio of the concentra-
tions of the two species corresponds, in fact, to the ratio
of the surface covered by the bilayer and the surface
covered by a monolayer only. So we have estimated that
5% of the overall surface of the monolayer-modified
electrode has not been covered by phospholipids. This
surface area would correspond roughly to the total area
damaged by the three approach curves we performed to
characterize the monolayer. Actually, the establishment
of the approach curves implies, in the end, a physical
contact between the tip and the substrate.

Finally, from the values obtained by simulation and
by using Eq. (12), the surface coverage has been
measured: 0 is equal to 0.9998 for the bilayer, close to
the approximate value we estimate from the ferrocya-
nide oxidation at the monolayer (0.9993) or from that
found for C;gSH monolayer (0.99995) [50]

K=(1-0)/0 (12)

In the case of the monolayer, assuming that there is

no permeation, the value of 0.993 obtained from Eq.
(12) represents the minimal surface coverage of the
electrode.

Therefore, even if 5% of the total surface of the
monolayer covered electrode is damaged by the ap-
proach curves, the surface coverage increases well after
the adsorption of the phospholipids on the monolayer.
Despite the roughness of the gold surface electrode (gold
wire inserted in Teflon is easier to characterize by
SECM), we find that the surface coverage is still high
for the monolayer and the bilayer.

4. Conclusion

The results confirm that the self-assembly method
allows the easy preparation of stable mono- and bilayers
supported on gold. The surface coverages, calculated
from the values obtained by simulation, are higher than
0.993 for the monolayer and 0.9998 for the bilayer. This
coverage is high enough to induce a large decrease of the
apparent standard rate constant and this decrease is
even larger in the case of the bilayer. The estimated
apparent standard rate constants indicate that ferroce-
nemethanol electron transfer at the mono- and bilayer-
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modified electrodes does not occur by tunneling, but
rather by diffusion through the pinholes with electron
transfer at the free sites of the electrode. We have also
concluded that the ferrocenemethanol, a hydrophobic
species, could permeate the monolayer to a small extent
but the bilayer to a much lesser extent. The kinetics of
ferrocenemethanol electron transfer at a mono- and a
bilayer-modified gold electrode could be measured by
CV or SECM. Indeed, the values obtained by these two
techniques were close to the values obtained by simula-
tion. The differences observed could be due to the
approximations made in the treatment (i.e. the simple
description of the geometry of the pinholes). The
differences could be due also to partial permeation of
the ferrocenemethanol and instability of the ionic
ferriceniummethanol in the monolayer. The permeation
into the bilayer seems less efficient where the electron
transfer is governed more by the pinhole contribution.
Future work will focus on the extension of this kinetic
treatment to species that can permeate the mono- and
the bilayers, our final goal being to analyze real
biological membranes and systems such as yeast cells.
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