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Abstract

The co-adsorption of three thiol compounds on gold, two of them being electroactive, yields a Self-Assembled Monolayer
(SAM) the behaviour of which was studied by impedance spectroscopy. The two redox active thiols have been chosen to have
a good miscibility in a supporting inert component, non-degenerate first-oxidation redox couples, and distinct heterogeneous elec-
tron transfer rate constant. However, in the ternary monolayer, the slowest process was found to be concentration dependent on the
other redox site. This unexpected behaviour should thus be taken into account when using multi-component SAM as a support for
integrated devices. To cite this article: C. Hortholary, C. Coudret, C. R. Chimie 11 (2008).
© 2008 Published by Elsevier Masson SAS on behalf of Académie des sciences.

Résumé

La coadsorption sur I’or de trois mercaptans différents, deux d’entre eux étant électroactifs, conduit a une couche autoassem-
blée, dont le comportement a été étudié par spectroscopie d’impédance. Les deux composés électroactifs ont été choisis pour leur
bonne solubilité dans le thiol inerte et présentent des couples rédox en oxydation et des valeurs de constantes de transfert d’électron
hétérogene bien distincts. Cependant, dans la couche ternaire, la constante de vitesse la plus faible dépend de la concentration de
I’autre espece é€lectroactive. Ce résultat inattendu devrait étre considéré au cas ou des couches multicomposants sont choisies
comme dispositifs intégrés. Pour citer cet article : C. Hortholary, C. Coudret, C. R. Chimie 11 (2008).
© 2008 Published by Elsevier Masson SAS on behalf of Académie des sciences.
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1. Introduction

Single-Molecule Device is the ultimate frontier of
Nanosciences (until the jump to single atom device),
but it requires the need to “hold” the molecule in a re-
producible way. Self-assembly has been proposed as
a principle to control the order at the molecular scale,
and Self-Assembled Monolayer (SAM) was found as
an elegant way to orient as well as to address electri-
cally a molecular component. The ever-growing field
of SAM covers a large range of topics in surface sci-
ences, from the simple modification of surface proper-
ties, the introduction of some specific interaction to the
control of electron exchanges between a solution and
an electrode, with applications such as surface pattern-
ing, cell culture, sensors... [1]. They have also been
proposed as a way to study molecular wires, keeping
in mind that, since self-assembly is not unimolecular
intrinsically, one can doubt of “how much” the results
obtained are significant of the behaviour of a single
molecule (tightly bound in the SAM’s structure).

Following the pioneering work of Creager’s [2—6]
and Chidsey’s teams [7,8], we have attempted to use
redox active SAM in order to screen candidate struc-
tures for molecular wires, taking advantage of the
quantum description of the heterogeneous electron
transfer (HET) rate constant. Indeed, the rate constant
of this elementary act being derived from the Fermi’s
Golden rule (case of weakly interacting redox sites
with a metallic electrode), one can find, in the pre-
exponential factor, a coupling matrix element de-
scribing the tunnelling interaction of the localized
redox site with the electrode through what separates
them. Thus, if a molecular wire is used to graft the
redox centre to an electrode, one should be able to ex-
tract from the HET rate constant its transparency to
tunnelling electrons [2,9,10]. If one omit the synthesis
of the molecular wires in itself, the main difficulty of
such a study lies in the preparation of the SAM, since
a monokinetic response (i.e. a homogeneous spreading)
of the diluted component is sought. Furthermore, the
electrochemical technique imposes a minimum signal-
to-noise ratio (i.e. a sufficient amount of electroactive
species), and is limited by the electrochemical cell’s
time constant, which depends on the working elec-
trode’s area. Thus some groups are deriving results
from pure monolayers, made of the electroactive com-
ponent only [11].

Most of the data collected on conjugated molecular
wires are based on ferrocene- [2,7—9,12] or organic
donor- [13,14] containing compounds. In the past we
have compared the relative kinetic properties of an alkane

thiol carrying a cyclometallated ruthenium complex
[Ru(bpy)o(ppR)I" (bpy: 2,2"-bipyridine; ppX: 2-(2-
pyridyl)-4-R-phen-1-yl, R: NHC(O)(CH,),,SH) to
published data on an analogous ferrocene containing
alkane thiol [15]. The aim was to check the possibility
of using such a ruthenium redox centre, the chemistry
of which is rather rich, as an alternative to ferrocene.
We have been able to show that its cationic charge
improves the solubility of rigid molecular wires [16].

In the present study we wish to report our observa-
tions about the electrochemical response of mixed
ternary monolayers, containing the ferrocenylketoalka-
nethiol FcC(O)(CH,),(,SH and the ruthenated complex
[Ru(bpy),(pp-NHC(O)(CH,),0SH)] ", diluted in w-
hydroxyundecanethiol and adsorbed on a gold ball
electrode (Scheme 1), by impedance spectroscopy.

2. Experimental
2.1. Set-up

Electrochemical experiments were performed under
argon using a single-compartment cell (ca. 4 mL of
electrolyte solution). The supporting electrolyte was
a 1 M aqueous NaClO,. The cell was housed in a home-
made Faraday cage to reduce stray electrical noise.
Measurements were performed in a three-electrode
mode with an Ag/AgCI/KCl reference electrode (Radi-
ometer-Sodimel S.A.) and a Pt wire auxiliary electrode.
The working electrode was a gold ball obtained by
melting the end of a clean gold wire with an O,/C,H,
flame into a ca. 500 pm in diameter ball. (Diameter
was measured by means of a binocular magnifying
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Scheme 1. A pictorial view of a self-assembled monolayer made of
w-mercaptoundecanol and containing the ferrocene and the ruthen-
ated thiol derivatives.
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glass.) Once covered with the SAM, of the working
electrode was positioned as close as possible from the
reference electrode with only the ball part immersed
in the electrolyte solution. Acquisition of electrochem-
ical data was done using an AUTOLAB PGSTAT 100
potentiostat/frequency response analyser system, under
computer control by FRA2 software package (ECO
CHEMIE BV). The ac voltammograms were recorded
in a stepped mode, one point being acquired every
10 mV, using a rms amplitude (Exc) of 10 mV.

2.2. SAM preparation

Stock solutions of electroactive species (0.1 mM)
and w-mercaptoundecanol (1 mM) were prepared in
ethanol. Coating mixtures, obtained by mixing appro-
priate volumes of the three mother solutions so as to
get a final volume of 1—2 mL, were degassed by Ar-
bubbling for 15 mn. SAM was obtained by immersing
the freshly melted gold ball electrode in the coating so-
lution for 15 min, then chemically annealed in a 1 mM
degassed ethanolic solution of w-mercaptoundecanol
for various times. The prepared electrodes were then
briefly rinsed with ethanol and connected to the elec-
trochemical cell as described above.

2.3. Chemicals

Ruthenium compound was available as a PFg salt
from a previous study [15]. Ferrocene derivative [13]
was prepared by Friedel—Craft acylation of ferrocene
(w-bromoundecanoylchloride/AlCl;/CH,Cl,) followed
by a Br-to-SH interconversion sequence (refluxing
with thiourea in EtOH then hydrolysis of the S-alkylth-
iouronium by aqueous KOH) according to known
procedures [17]. Solvents for electrochemistry were
of analytical grade and used as received.

3. Data analysis by impedance spectroscopy

Impedance spectroscopy offers a direct access to sev-
eral quantitative parameters of interest when studying
electroactive Self-Assembled Monolayers, but it is less
known than cyclic voltammetry [18] or chronoamper-
ometry [11]. It relies on the combination of two voltage
components, a slow DC one and an superimposed AC
one of small amplitude: the current response to this volt-
age combination contains the impedance Z of the cell.
Practically, in the stepped mode, after a Epc potential
jump of a 10 mV increment, the intensity is recorded
for several frequencies f of the superimposed alternative
voltage (amplitude Exc). As usual, the typical signal is

a bell-shaped curve centred on the redox potential of
the active species embedded in the SAM. The peak in-
tensity /,e.x depends on the surface coverage I' of the
electroactive species. At low frequencies and for small
amplitude of the superimposed alternative voltage
E ¢, a simple relation can be derived (Eq. (1)) where n
is the number of electron exchanged, N is the number
of active redox sites, and F is the Faraday constant [2].

n2F2
Ipeak = (m) Ntot (zwf>EAC (1 )

Furthermore, I,k is frequency dependent: above a cer-
tain cut-off frequency, the signal vanishes totally, as the
heterogeneous electron transfer is unable to keep up
with the very fast potential changes. Thus, Creager and
co-workers [6] have proposed an alternative representa-
tion to the Nyquist one commonly used in classical im-
pedance spectroscopy. Indeed, by plotting /e
Ipackgrouna against log f, a sigmoid curve is obtained,
showing clearly the cut-off phenomena. Such a behaviour
can be simply modelled, since in the case of a SAM, the
faradaic process, reflecting the adsorption of a solution
anion on the SAM upon oxidation of a molecular wire,
is limited by the electron transfer itself as the supporting
electrolyte concentration is very high (1 M) (Schemes 2).

Hence the Randles’ equivalent circuit is made only
of resistors and capacitors: Rcr, charge transfer resis-
tance; C,qs, adsorption capacitance; Cp, double layer
capacitance; Ry, is the solution resistance. One can
show that, for E = E°, C.ds» ReT and the rate constant
ko are expressed by Eq. (2), where A is the working
electrode area.

F?AT 2RT 1
Cats=—7— = ~ADp__~—~

When one recognizes that Icax/Ipackground 18 also the
absolute value of the ratio Y/Y,,, where Y is the admit-
tance at E = E°, and Y, = (27t/)Cpy. the admittance for
E = E" if no faradaic process is active (background ad-
mittance), a simple expression can be derived (Eq. (3))
that leads to the desired curve shape:
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Scheme 2. (a) Electrochemical processes at the SAM-covered electrode; (b) the Randles’ equivalent circuit used to model all processes at the

electrode.

Thus, only two independent parameters are used to
fit the sigmoid curve: ko and p =1+ C,q/Cpr. The
quality of the fit depends strongly on the assumption
that only one rate constant depicts the faradaic process.
Consequently, impedance spectroscopy with the Cre-
ager representation offers an easy way to assay the
quality of a Self-Assembled Monolayer as one can
extract the coverage and, if the annealing is correct,
the rate constant.

4. Results and discussion

The different redox active thiol are characterized by
well-separated redox potential values, and while the
Ru(lIT)/Ru(Il) couple was of 0.3V vs. KCI/AgCl/Ag
[15], the Fc*/Fc couple was found more anodic, at
0.5V vs. Ag/AgCl. In order to measure a reproducible
HET rate constant, we have adopted a two-step proto-
col for the SAM preparation, involving a short
exposure of the clean gold surface to the mixture of
thiols, followed by chemical annealing by the inert
thiol component. Indeed, it is known that redox active
species, once included in a SAM can present a large
variation of the kinetic response mostly due to local
microenvironments. Among the most common sources
of deviation for the rate constant are redox active thiol
molecules located at grain boundaries of SAM’s
nanocrystalline domains [7,19]. As all thiols in these
disordered zones are also rapidly exchanged under
a condition similar to the SAM formation’s one, treat-
ment of the mixed monolayer with an “inert” thiol

ethanolic solution provides a way to strip these defec-
tive redox active molecules off the grain boundaries.
From our previous work on the ruthenated molecule,
a contact of at least 4.5 h was found necessary to get
data fitting with a single rate constant, within the
20% uncertainty adopted in the literature. This is in
contrast with the ferrocene-containing molecule that
necessitated annealing time of more than 10 h to reach
a similar situation. For both compounds, the surface
coverage was in the 10" mol/cm?® range.

A typical set of voltammograms for the case of the
three-component SAM is given in Fig. 1. The variable
frequency voltammograms were acquired over a 0.1 V
to 0.7 V (vs. KCI/AgCl/Ag) Epc potential range, with
a typical experience time of about one hour. No partic-
ular feature due to the mixing of the two electroactive
species was observed as the redox couples remained
centred on E° values identical to those observed for
single electroactive co-component SAM (Fig. 1).

By comparing the voltammograms recorded at
various frequencies, one can catch qualitatively at
a glance the large difference in rate constant for the
HET ky. While the ruthenium centred signal persisted
at rather high frequencies, the ferrocene one vanished
much faster. Impedance spectroscopy on binary SAM
have given quantitative values for ky(Ru) and ko(Fc),
respectively, 45,000 £ 9000 s ! [15] and 1400+
280 s~ ', the second rate constant being very close to
Lambert et al.’s result one [13]. Since both molecular
wires studied are made of 10 methylene units, this dif-
ference was related to the redox sites’ reorganisation
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Fig. 1. Normalized admittance curves vs. potential for the 2.5/1/30 Fc/Ru/thiol ratio for coating mixture (I'me = 1.4 x 10~'" mol/cm?,

T're = 1.3 x 107" mol/cm?).

energies [15]. In the case of the ternary monolayer,
a similar difference in the order of magnitude is again
observed (Fig. 2).

The most striking result was obtained upon varying
the compositions of the ternary SAM. Surface cover-
age and rate constant for each species were determined
in a set of experiments of comparable conditions. Re-
sults are summarized in Table 1.

The first four entries show kinetic results obtained
from various coating solution ratio: while the relative
initial amount of ferrocene-to-ruthenium compounds
was held constant, these species were diluted in de-
creasing quantities of inert thiol. The annealing time
was chosen according to what was determined to

2
Ru : k= 40000 s-1
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16 —2 ?
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12

1

10 100 1000 10000 100000 1e+06

extract reliable rate constant for the ferrocene com-
pound. While the final surface coverage for the ruthen-
ated molecule remained remarkably unsensitive to the
composition of the coating mixture, this is not the case
for the ferrocenyl one, and various I'r/I'g, could be
achieved. As expected, the HET rate constant ky(Ru)
for the ruthenated molecule, was found to be relatively
steady, its fluctuation staying within the error bar (ca.
+9 x 10° sfl). However, this was not the case for the
ferrocene-containing compound the rate constant was
found to depend on the I'g./I'g, ratio.

No satisfactory model could be found to explain this
result. The high supporting electrolyte concentration
(NaClO,4, 1 M) prevents any significant electrostatic
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Fig. 2. Sigmoid curves Ipea/Ipackgrouna @s @ function of the frequency f (Hz) for two redox active components [coating mixture ratio: 2.5/1/30 Fc/

Ru/thiol] (p(Ru) = 1.6; p(Fc) = 1.5).
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Table 1

Ternary SAM preparation data (annealing time, composition of the coating mixture), surface coverages and observed rate constants

Entry Annealing Coating solution Tpe x 10" I'py % 10" Tp/ TRy ko(Ru) x 10° ko(Fe) x 10°
time (h) ratio Fc/Ru/thiol (mol cm?) (mol cm?) s™h (s~hP

1 135 2.5/1/60 0.55 1 0.55 44 1.84+0.35

2 165 2.5/1/30 1.4 13 1.07 40 19404

3 15 2.5/1/10 3.1 13 24 43 2.240.44

4 15 2.5/1/5 5 2.7 1.9 47 3.3£0.65

5? 45 10/1/5 9.6 22 4.4 49 50+1

% Entry 5 describes an attempt to reach a very high ferrocene coverage.

" The 20% uncertainty is given.

interaction, as one expects the positive charges gener-
ated by the oxidation of ruthenium centres to be very
quickly screened. Furthermore, the inert thiol, and
both molecular wires have similar bridging parts, i.e.
methylene units, which ensure not only good mutual
solubility, but also similar coupling matrix elements.
In a recent report it was found that no significant
changes of the apparent rate constant could be detected
upon varying the supporting thiol’s structure. However,
an important feature is the presence of oxidized ruthe-
nium sites at the vicinity of the ferrocenyl moieties
when the voltage reaches the ferrocene redox potential.
Thus a possible cross-talk between the adsorbed spe-
cies can be proposed: the ruthenium (III) site would
act as a relay for the heterogeneous electron transfer,
modifying the apparent rate constant (Scheme 3).

Due to the large ky(Ru) value, this hopping mecha-
nism would then be limited only by the distances be-
tween redox sites.

5. Conclusion
In this simple study we have confirmed the impor-

tance of the self-assembled monolayers ripening in
narrowing the rate constant distribution in order to

OH OH OH

1l

Scheme 3. Hypothesis of electron transfer from the Fc unit to the
electrode mediated by the Ru(IIl) sites.

tend toward a quasi-monokinetic response for the
embedded redox active species. This was achieved by
partial substitution of the redox-active species by the
inert component, to the detriment of the total signal
to be recorded. This technique was found to be suc-
cessful even for a ternary SAM containing multiple
redox-active components, structurally close enough
so that no pure domain formation was expected. Con-
cerning the kinetics of the redox processes in such
a structure, the most remarkable result is the depen-
dence of one rate constant, the smallest, with the
surface coverage of the species responsible for the fast-
est process. No satisfactory explanation was found, but
a mechanism based on a mediated electron transfer
seems to be a reasonable track to follow. To reach
such a goal, other pairs of electroactive species should
be tested, using also other electrochemical techniques.
If this is confirmed, it should be taken into account
when designing multi-component SAM for a higher
integration level.
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